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Abstract
Water flowing along fractures may affect the 
mobilization of microorganisms in volcanic tuff and impose 
conditions that are different from those in the rock matrix 
away from water flow paths. To address the potential for 
bacterial transport with water in deep fractured tuffs, flow 
water and six rock samples were taken progressively farther 
from a deep subsurface fracture flow system for 
microbiological and geological comparisons. Differences in 
the composition of microbiota among sites appeared to be the 
result of proximity to flow water. The microbiota in the 
vicinity of the fracture water flow path, in contrast to 
that in roc*, farthest away, consisted of greater 
morphological and physiological diversity suggesting a more 
complex community structure.
Bacterial transport was tested, in water-saturated tuff 
cores of differing lithology. Bacterial transport occurred 
in cores permeable to water and was impeded in impermeable 
tuffs. Bacterial transport routes in permeable cores was 
determined by bacterial breakthrough patterns. Bacteria 
appeared to be transported through connected macropores or 
fractures in tuff cores. Laboratory and field results 
demonstrated that bacteria were transported with water 
predominantly along preferred water flow paths in rock.
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CHAPTER 1
GENERAL INTRODUCTION
The ubiquity and diversity of microorganisms on earth, 
especially prokaryotes, are often underestimated. Bacteria 
are globally distributed throughout the lithosphere and 
demonstrate pronounced activity in geochemical and 
geophysical processes. Bacteria are distributed by 
geologic, atmospheric and biological processes and are found 
in every imaginable environment from the upper reaches of 
the atmosphere, throughout surface soils, to the sediments 
at great depths in the ocean. Their large-scale 
distribution is not only dependent on physical forces, but 
also to a great extent on the inherent ability of 
microorganisms to survive, rapidly respond adapt and develop 
communities in the immediate microscopic habitat.
Considering that they have had greater than 3.0 billion year 
history, their dispersal and diversity should not be 
surprising.
This thesis addresses the potential for bacterial 
transport with water flow to deep subsurface strata as one 
of the mechanisms by which microbes may have subsequently 
colonized this part of the earth.
1
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1.1 MICROBES IN DEEP SUBSURFACE STRATA
In countries all over the world (America, Canada, 
England, Germany, Switzerland, Italy etc.) recent scientific 
surveys of deep subsurface strata (i.e., > 30 - 1000 m) from 
1985 to the present have revealed a diversity of viable 
microorganisms residing in various deep geologic formations, 
from sediments to rock (Amy et al., 1992; Balkwill and 
Ghiorse, 1985; Brockman et al., 1992; Colwell, 1989;
Cristofi et al., 1984; Fredrickson et al., 1989; Hazen et 
al., 1991; Johnson and Wood, 1993; Severson et al., 1992). 
Previously, these deep terrestrial locations were not 
considered as an important part of the biosphere because no 
living thing was expected to survive for long periods of 
time in this environment. However, numerous groups of 
microorganisms have been identified from the subsurface, 
ranging from anaerobic to aerobic microorganisms with 
heterotrophic or chemoautotrophic lifestyles. Generally, 
aerobic, heterotrophic prokaryotes dominate these subsurface 
environments, however, microeukaryotes, such as yeasts, 
mycelial fungi and protozoa, have been discovered in shallow 
aguifers, primarily water saturated sediments (Beloin et.
3
al., 1988; Hirsch and Rades-Rohkel, 1983 ;, 1983 ; Kinner et. 
al., 1990; Sinclair and Ghiorse, 1987). Bacteria are 
involved in many geochemical processes such as nitrogen, 
carbon and sulfur cycling in the environment, and their 
metabolic diversity is well demonstrated in their ability to 
catabolize complex inorganic and organic compounds (Estrella 
et al., 1993; Rosevar, 1991; Swindoll et al., 1987). These 
observations lead to the question of whether microorganisms 
in the subsurface have similar metabolic potential and 
global impact as compared to surface exposed microorganisms. 
The composition of the subsurface microbiota may differ from
surface microbiota because of a general lack of primary
production, often combined with long term isolation and 
inactivity (Amy et al., 1992; Arrage et al., 1993; Bone and
Balkwill, 1988; Brockman et al., 1992). Therefore, the role
of the subsurface microbiota may be qualitatively different 
both ecologically and evolutionarily, from microbes in 
surface-exposed environments. For example, are subsurface 
microorganisms capable of modifying the environment and/or 
do they differ in some genetic aspect compared to surface 
soil microorganisms? In general, research on the microbial 
ecology of the deep subsurface has intensified in order to
4
understand its role in physical and chemical geologic 
processes and to subsequently exploit microbial activities 
for practical applications in bioremediation and 
bioextraction (Harvey et al., 1984; Heijnen et al., 1991; 
Jang et al., 1983; Keswick et al., 1982; McCoy and Hagehorn, 
1979; Swindoll et al., 1987).
In the United States, the Department of Energy (DOE)
Deep Microbiology Subprogram has supported most of the 
research on the microbial ecology of the deep subsurface at 
several of its facilities. These include the Nevada Test 
Site, the Savannah River Plant (South Carolina), the Idaho 
National Engineering Laboratory and the Hanford Reservation 
(Washington). The DOE's impetus for understanding 
microorganisms in the deep subsurface stems from concerns 
for safe storage of hazardous wastes and bioremediation of 
leaked contaminants (organic and radioactive wastes) in the 
subsurface, particularly into groundwaters. These deep 
subsurface environments at DOE sites have varied geologic 
histories and climatic settings. Efforts are being made to 
understand the physical environment in relation to microbial 
distribution and diversity in deep subsurface strata.
Recently, the DOE has been interested in the microbial 
ecology and bacterial origin in deep vadose zone strata
5
common in arid regions, such as deep unsaturated sediments 
and rock that occur hundreds to thousands of meters above 
regional water tables. Similarities in data accumulated 
over the past ten years from different subsurface locations, 
especially deep rock, have led numerous investigators to ask 
the basic question, "How did such a diversity of 
microorganisms initially colonize these deep terrestrial 
environments?"
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1.2 GENERAL OBSERVATIONS CONCERNING 
DEEP SUBSURFACE MICROORGANISMS
There are several common trends concerning the 
microbial inhabitants of deep subsurface formations.
(1) Surface-exposed microbial communities differ 
significantly in abundance, diversity and distribution 
compared to the subsurface microbiota (Bone and Balkwill, 
1988; Colwell, 1989), where abundance and activity are 
greater for surface environments. Surface soils commonly 
contain 100-1000 fold greater numbers of microorganisms as 
observed by direct microscopy than deep strata (Belion et 
al., 1988; Bone and Balkwill, 1988; Colwell, 1989; Wilson et 
al., 1984). A large proportion (75-95%) of bacteria 
recovered from the subsurface cannot be identified by 
traditional methods, suggesting a unique composition of 
microorganisms compared to surface microbiota (Amy et al., 
1993a; Bone and Balkwill, 1988) and subsurface 
microorganisms generally do not show any particular 
distribution in most geologic formations (Haldeman et al. 
1993; Balkwill, 1989; Jimenez, 1990).
(2) A large proportion (90-99%) of the deep subsurface
7
microbiota may be senescent/dormant or moribund because 
large differences in direct microscopic count to culturable 
count techniques are often observed (Colwell, 1989; Haldeman 
and Amy, 1993a). For example, it is not uncommon to count 
(by direct microscopic observation), 10s - 107 bacterial 
cells per gram of deep soil or rock, however, only 102 - 
103CFU/g, (-.0001%) may be recoverable by culture methods
used. Most geologic strata are considered to be 
oligotrophic (i.e. low in total organic carbon or in an 
unavailable form) (Amy et al., 1992; Balkwill and Ghiorse, 
1985; Bone and Balkwill, 1988; Kieft et al., 1993). Perhaps 
many subsurface microorganisms have become dormant due to 
lack of nutrients. Both dead and dormant microorganisms may 
have contributed to the low numbers of recoverable 
microorganisms on nutrient media relative to those observed 
by direct microscopic observation. Much of the microbiota 
consists of very small cells (Amy et al., 1993; Lappin-Scott 
and Costerton, 1990), suggestive of a response to starvation 
conditions (Morita, 1985). Long-term enrichments, 
resuscitation of microorganisms on dilute nutrient media and 
detection of respiring microbial cells have bridged this 
difference in some cases (Bone and Balkwill, 1988; Hirsch 
and Rades-Rohkohl, 1983; Kaprelyants and Kell, 1993).
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(3) Water content in deep geologic strata appears to 
influence microbial survival but does not directly correlate 
with increases in microbial density, extent of diversity or 
metabolic activity (Haldeman and Amy, 1993; Kieft et al., 
1993). However, many researchers have noted greater 
abundance, recoverability, increased metabolic rate and 
shorter lag time for response to nutrients for the microbial 
communities associated with saturated, transmissive 
sediments and other permeable strata (i.e., usually high in 
sand-sized grains and low in clay fractions) (Beloin et al., 
1988; Bone and Balkwill, 1988; Fredrickson et al., 1989; 
Hazen et al., 1991, Wilson and Griffin, 1974). Therefore, it 
appears that water needs fluctuate in an environment to have 
a direct affect on microbial abundance and activity, whereas 
static, non-moving water present in saturated substrata has 
less influence. Lower numbers of unattached bacteria are 
usually found suspended in groundwater, suggesting that the 
microbiota is primarily attached to sediment particles 
(Harvey and Young, 1980; Harvey and Barber, 1992; Hazen et 
al., 1991; Stevens et al., 1993). Few relationships seem to 
exist between microbial abundance, recoverability and total 
water content of geologic strata (Kieft et al., 1993).
9
Decreased microbial abundance and activity have been noted 
in highly unsaturated zones (vadose rock) and saturated (but 
impermeable) strata (clay), where rock properties impede 
bioavailability of water,demonstrating that water is 
necessary for survival and growth. However, the minimum 
requirement of water needed for microorganisms in these 
subsurface environments is not known.
(4) Deep subsurface microorganisms appear to be 
heterogeneously distributed within and between geologic 
strata (Balkwill and Ghiorse, 1985; Balkwill, 1989; Haldeman 
et al., 1993; Harvey et al., 1984; Wilson et al., 1984) as 
few spatial trends in the abundance and/or diversity of 
microorganisms in geologic formations have been discerned. 
Microbial density usually does not decrease with increasing 
depth or change between different strata once below the top 
surface soil influence. Transmissivity, or the rate of 
water flux through the geologic matrix, does however, seem 
to affect microbial distribution. For example, the presence 
of clay has been negatively correlated with microbial 
abundance and recoverability, whereas sandy or granular 
sediments are positively correlated with microbial abundance 
and/or increased metabolic rate (Beloin et al., 1988; Bone
10
and Balkwill, 1988; Fredrickson et al., 1989). Several 
laboratory studies also support these observations, 
where both microbial respiration and physical transport of 
microorganisms is inhibited in porous media of low matrix 
potential (Germann et al., 1987; Palmer and Friedmann, 1990; 
Powelson, 1990; Wan et al., 1993; Wilson and Griffin, 1974; 
Wong and Griffin, 1976) .
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1.3 HYPOTHESES FOR MICROBIAL PRESENCE 
IN THE DEEP SUBSURFACE
Mechanisms by which microbial presence in deep 
subsurface environments could be explained include
(1) transport from surface to depth or laterally with water 
flow through permeable strata (macropores and/or fractures,
(2) isolation during or soon after geologic deposition,
(3) entrapment during diagenesis of strata that rendered 
them impermeable, and (4) microbial presence due to a 
combination of these mechanisms. The geologic and hydrologic 
history of a deep subsurface formation must be known before 
the modes of microbial origin may be understood.
Research on microbial transport in porous materials has 
demonstrated, in many cases, that microorganisms move easily 
during saturated flow of water through artificial and 
natural permeable materials in laboratory columns and in the 
field (Allen and Morrison, 1973; Bales et al., 1989; Champ 
and Schroeter, 1988; Fontes et al., 1991; Gannon et al., 
1991; Harvey and George, 1989; Pekdeger and Matthess, 1983, 
Vandivivere and Baveye 1992 b). These studies were 
stimulated by concerns of how introduced microorganisms may
12
pollute, bioremediate or be used to obtain resources from 
subsurface environments. These studies can also directly 
apply to the understanding of transport and activities of 
microorganisms residing in the subsurface. Microbial 
motility via water films, mass colonial growth, hyphal or 
filamentous penetration can only account for microbial 
presence and distribution on a small scale or at a local 
level within the porous strata, but not to a greater degree. 
Microbial transport via water flow through porous geologic 
strata, however, could result in large-scale dispersal of a 
diversity of microorganisms.
If these premises are true, then the extent to which 
microorganisms may be transported to a subsurface 
environment is largely a physical phenomenon, with microbial 
cells acting as particles in transit, being limited by the 
degree of water flow through a geologic formation. The 
amount and extent of water flow in geologic strata will be 
controlled by the hydraulic head and size, shape and types 
of pores and the degree to which they are interconnected 
(i.e. permeability). Trophisms, growth, microbial self­
propulsion and chemical factors would become secondary 
mechanisms of microbial fate. Additionally, factors that
13
affect long-term survival of microorganisms is also 
important to understanding the persistence of microorganisms 
and their potential for transport in the subsurface.
Numerous laboratory and field studies addressing the issue 
of bacterial transport may give some insight towards 
subsurface microbial origins. However, the extent to which 
certain processes in nature effect microbial transport are 
not well developed.
Models describing viral transport in laboratory soil 
and fractured rock columns were recently developed (Bales et 
al., 1989; Yates and Ouyang, 1992). Existing transport 
models designed for solute contaminant and colloid movement 
in porous media (Enfield and Bengtsson, 1988; Harvey and 
Garabedian, 1991; McDowell, 1992; Nakayama and Nelson, 1988; 
Puls and Powell, 1992) could possibly be adapted for use in 
understanding bacterial transport in deep subsurface 
geologic formations. These models use advection and 
dispersion equations (derived from steady state groundwater 
flow formulae) to explain the transport behavior of solutes 
and particles under various flow conditions. Advection and 
dispersion are terms that describe water flow patterns (rate 
and direction) through porous media. I argue in this thesis
14
that bacterial transport is controlled largely by the 
direction and rate of water flowing in subsurface strata 
and that microbial transport with natural water flow may 
greatly contribute to initial colonization of microorganisms 
in deep subsurface strata.
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1.4 MICROBIAL TRANSPORT IN LABORATORY 
COLUMNS AND IN NATURE
Laboratory and field studies have focused on the extent 
to which soil may remove sewage effluent microorganisms or 
toxic particles but not specifically on the mechanisms 
involved in transport (Allen and Morrison, 1973; Brown et 
al., 1979; Gerba and Lance, 1987; Kingston, 1943; Stenstrom, 
1989; Wollum and Cassel, 1978). However, some studies have 
demonstrated specific factors that can affect microbial 
transport in porous media, including flow rate, pH, ionic 
concentration of the fluid medium, matrix potential, 
particle grain size, microbial cell size and concentration, 
electrostatic interactions and nutrient availability 
(Corapicioglu and Haridas, 1984; Fontes et al., 1991; Gannon 
et al., 1990; Harvey, 1991; Jang et al., 1983; MacLeod et 
al., 1988; Pekdeger and Matthess, 1983; Sharma et al., 
1985). During unsaturated flow, microbial filtration and 
adsorption increases under conditions of low matrix 
potential (Germann and Smith, 1987; Peterson and Ward, 1984; 
Wan et al, 1993, Wong et al., 1976) and thus bacterial 
transport is limited or impeded. During saturated flow,
16
bacteria are transported. Studies have involved transport 
of stationary phase bacteria under saturated conditions in 
columns that consisted of homogeneous materials such as 
sintered glass beads, sand, sandstone and repacked soil 
(Fontes et al., 1991; Gannon et al., 1991; McLeod et al., 
1988; Shales and Kumarasingham, 1987; Wollum and Cassel, 
1978). Bacteria were often transported at a rapid rate and 
transport rate was a function of the hydraulic conductivity 
of the porous material. Increased hydraulic conductivity 
decreased the extent of horizontal dispersion and resulted 
in a more rapid vertical transport of microbial cells 
(Germann et al., 1987; Pekdeger and Matthess, 1987; Wollum 
et al., 1978). Under low velocity flow conditions and/or 
flow in homogeneous media, bacteria were dispersed to a 
greater degree and the overall vertical transport was slower 
(Fontes et al., 1991, Smith et al., 1985; Wollum et al;
1978) .
Some studies have demonstrated specific bacterial 
properties that enhance their transport rate, such as small 
size, spherical shape, motility, cell surface charge (+ or - 
depending on the ionic composition of surrounding media) and 
penetration by growth (Gannon et al., 1990, Lindqvist and
17
Enfield, 1992; Sharma et al., 1985) Often, soil or rock 
columns were amended with nutrients, resulting in an initial 
increase in penetration rates due to exponential growth of 
bacteria (Jenneman et. al., 1985). Bacterial growth often 
produced a decline in hydraulic conductivity and a 
restriction in bacterial transport by clogging. This 
condition was due to a build-up of cells or polysaccharides 
in pore spaces throughout the media (Vandivivere, 1992; 
Vandivivere and Bavaye, 1992) or at the inlet surface (Molz 
et al., 1986). In these cases, it is difficult to discern 
whether the rate or extent of bacterial transport is a 
function of bacterial growth or the flow regime.
Permeable heterogeneities in porous materials, either 
natural or introduced, resulted in a more rapid transport 
along interfaces where higher localized hydraulic 
conductivities where present (Fontes et al., 1991, Pekdeger 
and Matthess, 1987; Toran and Palumbo, 1992) Microbial and 
particle transport occurred primarily along fractures in 
rock cores of low intrinsic permeability and through 
macropores in natural soil columns (Bales et al., 1989;
Smith et al., 1985). It can be concluded from these 
previous studies that bacterial transport is greatest during
18
saturated flow along preferred water flow pathways in 
permeable materials. Also, under the oligotrophic conditions 
that prevail in most geological settings the exponential 
growth of bacteria is restricted, causing bacterial numbers 
to be low and bacterial cells to remain small in a non­
growth state. All of these conditions can occur 
simultaneously and are common in natural geologic settings 
(Lappin-Scott and Costerton, 1988).
The common belief that soils and other geologic media 
in nature filter microorganisms and other particles from 
water is not always valid. During unsaturated flow regimes, 
filtration, sorption and dispersion of microbes in the 
geologic matrix is enhanced, thus removing a large 
proportion of microorganisms in the upper layers preceding 
the advancing water front in unsaturated zones (Germann et. 
al., 1987; Wan et. al., 1994; Wong and Griffin, 1976). 
However, during saturated flow, introduced bacteria travel 
rapidly over considerable distances, either laterally or to 
depth, along preferred flow paths in a variety of geologic 
materials from soils to rock (Allen and Morrison, 1973;
Champ and Schroeter, 1988; Crane and Moore 1984, Gerba 1985, 
Gerba and Bitton 1984, Hagehorn 1981, Matthess and Pekdeger
19
1985). Bacterial transport rates up to 300 m/day with water 
moving in saturated sediments have been recorded (Sinton, 
1981).
Of particular interest is the occurrence of 
microorganisms in deep rock (>30 m) and in subsurface 
formations of low intrinsic permeability where the overall 
water flow is slow, intermittent or impeded. Lipman (1931) 
commented on the longevity of bacteria in coal from deep 
reservoirs and speculated that bacteria must have penetrated 
rock in ancient times. Kingston, observed extensive 
bacterial movement in low permeability limestone in 194 3.
In 1966, Myers and McReady were among the first to 
guantitatively demonstrate transport of radioactively 
labeled Serratia marcescens cells in sandstone and limestone 
of low permeability. While Hitman (1981) demonstrated 
bacterial penetration deep into sandstone petroleum 
reservoirs of low permeability. I suggest in this thesis 
that rapid, vertical microbial transport along connected 
fractures or macropores in rock or other formations, during 
continuous saturated or intermittent unsaturated flow of 
water, may be a likely reason for their occurrence and 
distribution in deep strata. Continuous flow would result
20
in relatively rapid bacterial transport to depth, while 
longer travel times would be expected for intermittent flow 
where microorganisms may become attached or adsorbed 
strongly to geologic surfaces between flow events.
Knowledge of the geologic and hydrologic history and present 
conditions of deep subsurface environments may help set a 
residence time for microorganisms in the subsurface. The 
ability to experimentally distinguish either physically or 
physiologically between microorganisms that may have been 
transported recently with flow water from those that have 
been isolated from flow water in strata for long periods of 
time also needs to be developed.
21
1.5 FACTORS AFFECTING BACTERIAL TRANSPORT 
IN PERMEABLE MEDIA
Parameters that influence the fate and transport of 
microorganisms in subsurface geologic materials were 
recently summarized in several excellent reviews (Gerba, 
1991; Harvey, 1991; Mclerney, 1991; Pekdeger and Matthess, 
1987, Yates, 1988, Yates and Yates, 1991). Table 1.1 
summarizes factors affecting transport of microorganisms.
- Transport regimes continuous transport, intermittent 
transport and chemotactic movement (Harvey, 1991).
Continuous flow along fractures in saturated rock and 
macropores in sediment aquifers under saturated flow 
conditions may result in rapid microbial transport. 
Directional movement of microorganisms was shown to depend 
on the hydraulic gradient, which also affects the transport 
rate. Intermittent transport most likely occurs in the 
vadose zone under unsaturated flow conditions. Here 
transport is dependent on matrix potential. Intermittent 
flow may also occur during saturated flow. Under these 
conditions reversible attachment of microbial cells effects
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mobilization of microorganisms along the flow path. In 
addition, filtration and adhesion of microbial cells occurs 
under these conditions and may result in longer travel times 
for microorganisms to depth.
Localized transport by chemotaxis or general self­
propulsion can result in a limited penetration of 
microorganisms in the geologic matrix.
- Physical factors: advection, dispersion, absorption
(Yates and Yates, 1991).
Advection is a process by which microorganisms are 
transported with the bulk flow of water through geologic 
materials. Additionally, the rate of microbial movement can 
be correlated to the average linear velocity of the fluid.
When water is dispersed in a homogenous permeable 
medium (e.g., sand) it does not move in a linear path, it 
generally radiates perpendicularly from its point of origin. 
The degree of spreading, and therefore, the direction of 
microbial migration is dependent on the size and structure 
of the flow paths.
Absorption is the physico-chemical process by which 
microorganisms adhere to solid surfaces. Electrochemical
2 4
interactions between the microbial cell and the solid 
surface could result in reversible or irreversible 
attachment of microorganisms, affecting their rate of 
movement. Figure 1.1 shows how these factors affect the 
rate and extent of bacterial transport.
- Chemical factors: pH, ionic composition of fluid media, 
electrostatic interactions (Gannon et al., 1990; Sharma et 
al., 1985) .
Low pH and high ionic concentration of the 
transporting fluid generally enhances bacterial attachment 
to solid surfaces. Electrostatic interactions are dependent 
on pH, ionic composition, type of microorganism and the 
surface chemistry of the geologic material.
- Biological factors: growth, adaption, survival (Lappin- 
Scott and Costerton, 1988)
Many subsurface environments are extremely nutrient 
limited. The degree to which various biological factors 
affect transport is dependent on how microorganisms adapt to 
the changing environment during transport. Survival and the 
ability to be resuscitated during conditions that promote
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FACTORS AFFECTING BACTERIAL TRANSPORT
4 -
•r.
r  j
D IST A N C E  
FR O M  SO U R C E
Figure 1.1 A: advection, cells move with the bulk flow  
of w ater, B: advection+dispersion, cells generally move 
with the bulk flow of w ater but also spread out from  
the  origin of inoculation appearing as a tem porary  
retention  in the porous m atrix, C: advection+dispersion+  
adsorption, some cells move with the bulk flow of w ater, 
however the m ajority appear to  be retained in the porous 
media because o f both dispersion and slow reversible 
adsorption to  surfaces.
(Adapted from Yates and Yates, 1 9 9 1 )
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growth can result in long-term persistence of bacteria in 
the subsurface with prolonged transport and extensive 
colonization of deep geologic strata. This is particularly 
true when considering transport over geologic time. Figure 
1.2 is a schematic representation of many components 
affecting transport and fate of microorganisms in the 
subsurface. It is difficult to discern to what extent each 
factor affects microbial migration in geologic formations.
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Direction of Flow
adsorption
detachmei
entrapment/diagenesis
entrainment/deposition
free
living
o transport
C Dfiltration
clogging
growth
bioflim
differential
transport
Figure 1.2 S chem atic rep resen ta tio n  of fac to rs  affecting  microbial 
tran sp o rt and fa te  in sub su rface  rock. M icroorganisms a re  tran sp o rted  
with flow w ater, reversible a tta c h m e n t o f cells. M icroorganisms exist 
free living during tra n sp o r t and may be filtered and accum ulate in 
sm aller pore sp ac es  and fractu res. Growth and biofilms develope on rock 
su rfaces along flow path . Differential tran sp o rt occurs depending on cell 
size relative to  pore size. Open circles rep resen t bac teria  trapped  in rock 
pore sp aces  bac teria  m ay have becom e trap p ed  in pore sp aces e ither during 
diagenesis of rock th a t  rendered  it im perm eable or trap p ed  a t th e  tim e or 
soon a f te r  rock deposition.
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1.6 THE POTENTIAL OF MICROBIAL TRANSPORT 
IN DEEP VOLCANIC TUFFS AT RAINIER MESA
A diversity of microorganisms have been found to reside 
in the subsurface volcanic tuffs of Rainier Mesa at depths 
ranging from 50 - 450 m (Amy et al., 199 3, Haldeman and Amy, 
1993; Haldeman et al., in press). An understanding of the 
microbial ecology coupled with the geology and hydrology of 
Rainier Mesa may help account for microbial presence at 
depth. Adaption of contaminant transport models may also 
aid in this understanding. It is not the intention of this 
thesis to give an exhaustive overview of the hydrogeology of 
Rainier Mesa or to specifically test the existing 
contaminant transport models for microorganisms. However, a 
short review of the mesa's geology and hydrology is 
presented to aid in understanding the potential for 
microbial transport to depth and the practicality of 
adapting transport models.
Rainier Mesa is a volcanic tuff plateau located in 
Nevada ca. 150 miles northwest of Las Vegas in the northern 
region of the Nevada Test Site (Fig. 1.3). The mesa covers 
25 square kilometers, consists of layers of fractured,
29
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Figure! .3 The location of Rainier Mesa on the Nevada 
Test Site. From Henne, 1982
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altered tuffs (-600 m thick) deposited 11 - 16 million years 
ago on Paleozoic sedimentary rocks. (Thordarson, 1987). The 
tuff layers differ greatly in lithology and hydraulic 
conductivity. Figure 1.4 depicts a cross section of the 
mesa showing its general lithostratigraphy. Surface water 
from rain or snow melt flows primarily downward through the 
mesa along well connected vertical fracture systems or 
macropore networks (Benson, 197 6), some of which results in 
springs emanating from the sides and base of the mesa. 
Another portion flows 1000s of meters through the vadose 
zone of paleozoic sedimentary rocks to the regional water 
table that flows northwest relative to the mesa. Little or 
no vertical or horizontal movement of water (pore water and 
water of recent meteoric origin) occurs in the tuff matrix 
away from fracture flow channels, especially at depths 
greater than 200 m where the tuffs are highly altered. 
Zeolites and clay (products of diagenic alteration) have 
reduced the overall permeability of the tuffs in these 
deeper zones (Russell, 1987). Clay particles have clogged 
pore spaces and zeolite minerals have reduced the degree to 
which pore spaces are connected in the tuff matrix. The 
basal clay layer and zeolitization caused the lower layers
31
Tm r
W a te r
Leuel
FUJ
Pz
Figure 1.4 A schematic cross section of Rainier Mesa 
showing its general lithology and approximate thickness 
of strata. Tmr = Timber Mountain Tuff, (welded ashfall 
tuff), Tp = Paintbrush tuff, (friable ashfall tuff),
Tt = tunnel beds in the perched water zone in 
Paintbrush tuff, (zeolitized ashfall tuff), Pz = 
Paleozoic rock, Fw = fracture flow water. Vertical open 
spaces and bars represent flow of water along primary 
fractures or fault zones. * = approximate sampling 
location in the perched water zone of U12n south drift 
tunnel bed Tt4k subunit consisting of fractured 
zeolitized tuff. (Adapted from Benson, 1976).
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(> 250- 450 m depth) to become saturated, creating a perched 
water zone that is approximately 215 m thick (Benson, 1976). 
Here rapid flow of water occurs along fracture networks in 
the deeper saturated zones. A summary of the geologic and 
hydrologic characteristics is provided on Tables 1.2 a 
and b .
Three types of hydrologic units have been identified in 
Rainier Mesa based on the lithologic log of drill well U12n 
(Russell, 1987). In the upper portion of the Mesa (-43 m), 
unsaturated, fractured welded or partially welded 
crystalline tuffs exist. These tuffs have small intrinsic 
porosities and low hydraulic conductivities, and unsaturated 
fracture flow is thought to be the primary mode of 
transport. Friable, unaltered and unsaturated tuffs with 
high porosity and high hydraulic conductivities exist (-182 
m) below the welded tuff caprock, and unsaturated matrix 
flow is thought to be the dominant mode of transport. In 
both these hydrologic units, intermittent saturated flow can 
occur during heavy rainfall. In the deeper saturated zones, 
the extensively zeolitized tuffs have high porosities but 
generally low hydraulic conductivities and continuous, 
saturated fracture flow is thought to be the dominant form
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of transport. Based on mass transport models for water flow 
in Rainier Mesa, two extreme forms of transport are 
considered to occur in Rainier Mesa's unsaturated and 
saturated zones. One consists of intermittent unsaturated 
matrix flow while the other consists exclusively of 
saturated fracture flow. Figure 1.5 illustrates the flow 
regimes in the mesa. Based on these two types of flow, 
idealized linear flow velocities have been calculated to 
predict the transport rate of radioactive isotopes (Russell, 
1987), and therefore, they may be adapted to estimate the 
rate of movement of microorganisms as well. It is 
speculated that surface microorganisms would initially be 
transported rapidly along fractures in the caprock and 
dispersed through the matrix in the middle portion of the 
mesa during unsaturated flow regimes. While rapid transport 
of microorganisms is likely to occur along saturated 
fracture flow paths in the deeper zones. Zeolitized tuffs 
at 400 m depth are part of the localized saturated zone from 
which microorganisms have been isolated and characterized. 
Transport by saturated fracture flow is predominant in this 
formation, therefore, microorganisms may be extensively 
mobilized by this regime, with little transport occurring in
36
2000M \\
SURFACE LURTER FLOUJ 
FRACTURE FLOUJ 
INTERSTITIRL FLOUJ 
FRACTURED HORIZONTAL BEDS 1000m
Figure 1.5 Schematic cross section of Rainier Mesa showing 
relative geometry and primary modes of water movement. Solid 
arrows and bars indicate flow along fractures, dashed arrows 
indicate flow through pores. (Adapted from Benson, 1976).
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the saturated tuff matrix away from fractures. Sampling 
fracture water and points along fracture flow paths at 
various depths may give insight as to the extent to which 
microorganisms travel. Recharge time by fracture flow from
the surface to this 400 m depth is estimated at 6 - 30 years
(Clebsch, 1960), while recharge time to the same depth by
matrix flow is thought to be much longer, greater than one
hundred thousand years (Thordarson, 1965). Additionally, 
the age of the pore water is thought to be close to the age 
of the original diagenesis of the saturated tuffs (100- 
250,000 yrs) when ground water altered the mineralogy of 
these tuffs. It should be emphasized that both unsaturated 
and saturated flow regimes occur simultaneously in Rainier 
Mesa. Thus, microorganisms may be extensively filtered out 
in the upper unsaturated zones and rapidly transported in 
the deeper saturated zones. Idealized rates of transport 
were calculated for saturated flow of pulse-injected solute 
tracers (bromide) and radioactive isotopes (Russell, 1987). 
No models for unsaturated transport were developed for the 
upper layers of Rainier Mesa because hydraulic elevational 
head distributions and water moisture curves of the tuffs 
are not known. However, transport by unsaturated (matrix
38
and fracture flow) regimes are thought to be orders of 
magnitude slower than by saturated flow (Russell, 1987; Wan 
et al., 1993; Wong et al., 1976). Bacteria mobilized at 
slower rates during unsaturated flow would experience even 
longer transport times from their point of origin where 
adsorption, filtration and/or desiccation would affect 
microbial transport fate.
Transport models for saturated flow represent the 
fastest transport scenarios based solely on transport of 
radioactive isotopes excluding many factors that affect 
microbial transport. Factors that would affect microbial 
transport and fate in the mesa that are not considered in 
these models include (1) multiple time and point sources of 
various microbial types; (2) differential rates of 
microbial adaption, growth and death; (3) filtration, 
polymer adhesion, desiccation and particle dispersion; and 
(4) differential rates of microbial transport due to changes 
in the geologic structure, and thus, flow regime over 
geologic time. However, physical absorption, ion exchange, 
complexation with minerals, precipitation and solute 
diffusion are factors considered in the contaminant 
transport models that may also affect microbes.
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For several reasons, the tunnel systems in the 
saturated zone of Rainier Mesa present a unique and ideal 
geologic setting for addressing the potential for microbial 
transport in deep subsurface environments. These include an 
adequate understanding of the geology and hydrology, mass 
transport models for radioactive isotopes, extensive 
microbial ecological surveys have previously been done, and 
access to deep subsurface rock by way of a network of 
tunnels at depths ranging 50 - 400 m.
This research provided a unique opportunity to 
investigate the microbial ecology and the potential for 
lateral microbial transport of a 400 m deep fracture flow 
system existing in the saturated zone, an environment not 
previously studied because of the difficulty in locating and 
obtaining representative rock within naturally occurring 
fractures. Water recharge by fracture flow to this depth is 
relatively rapid, and therefore, provides a condition that 
is more likely to facilitate transport of microorganisms 
from surface to depth and laterally in the mesa along 
fracture flow paths. This field study was combined with 
laboratory studies involving bacterial transport in volcanic 
tuff cores during saturated flow to better understand the 
potential for both vertical and horizontal microbial 
transport in the deep subsurface tuffs at Rainier Mesa.
CHAPTER 2
Microbial Ecology and Potential for Microbial Transport 
in a Deep Subsurface Fracture Flow system 
Rainier Mesa, Nevada Test Site
40
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2.1 ABSTRACT
To address the potential for lateral bacterial transport 
via water flow within volcanic tuff, one sample of fracture 
flow water, three rock samples within a deep subsurface 
fracture flow system (rubble, clay and fracture face), and 
three rock samples farther from the fracture face rock (9,
30 and 300cm) were analyzed for microbial and geological 
characteristics. No direct relationships between hydrologic 
properties and microbial distributions could be discerned. 
However, the composition of the microbial communities 
appeared to differ between sites as demonstrated by direct 
microscopic observation of morphological variability, 
culturable abundance, diversity, evenness, most probable 
number of specific bacterial functional groups, and 
individual isolate characteristics. Specifically, 
morphological diversity, numbers of respiring 
microorganisms, hydrogen sulfide-producing bacteria and 
urea-cleaving bacteria were greater in the direct vicinity 
of the fracture flow path than at points further away. The 
heterogenous distribution of microorganisms between sites, 
within and away from the fracture, suggested that the 
composition of the microbiota at each site was unique.
42
However, the microbial composition in the immediate vicinity 
of the fracture flow path was more similar to that in the 
rock closest to the flow water than those further away. 
Therefore, differences in microbial composition 
between sites does not preclude the possibility of limited 
lateral bacterial transport close to the fracture or 
extensive vertical transport along well connected fractures 
during saturated flow conditions.
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2.2 INTRODUCTION
A diversity of viable microorganisms exists in the deep 
subsurface. Most previous studies have been surveys 
characterizing the microbial ecology of deep subsurface 
environments (Amy et al., 1992; Balkwill and Ghiorse, 1985; 
Bone and Balkwill, 1988; Cristofi et al., 1984; Fliermans
and Balkwill, 1989; Haldeman and Amy, 1993 a; Kolbel-Boelke 
et al., 1988). The largest concerted effort was initiated 
in 1939 by the United States Department of Energy Deep 
Subsurface Microbiology Program with the goal of 
understanding the microbial ecology of different deep 
subsurface environments. Microbial probing of the deep 
subsurface was made possible with innovative drilling 
techniques, or access to deep subsurface tunnels and caves 
where strata were exposed. In addition, studies involved 
collaboration of investigators with different expertise: 
hydrologists, geologists, microbiologists and engineers 
(Colwell et al., 1992; Haldeman et al., 1993; Phelps et al., 
1989) .
Microbiological as well as geological parameters 
suggest a heterogeneous distribution of microorganisms in
44
many deep subsurface environments (Balkwill and Ghiorse, 
1985; Beloin et al. 1988; Chapelle and Lovely, 1990;
Haldeman et al., 1993; Jiminez, 1990; Kieft et al., 1993; 
Russell et al., in press). Often microbial abundance and 
diversity does not correlate with either depth from the 
surface or water content of the geologic formation 
(Balkwill, 1989; Colwell, 1989; Haldeman and Amy, 1993 a, c; 
Kieft et al. 1993). However, there is some evidence that 
population size and type may be related to geophysical 
properties of strata where the activities of the microbiota 
are affected by the transmissivity of the formation. For 
example, highly permeable, saturated, sandy sediments seem 
to support greater abundances of recoverable and 
metabolically flexible microorganisms than impermeable 
(clay) or unsaturated formations (vadose zone strata)
(Beloin et al., 1988; Brockman et al., 1990; Fredrickson et 
al., 1989; Hazen et al. 1991). Low numbers of recoverable 
microorganisms have been found to exist in subsurface rock 
of low water content where there is little possibility of 
water recharge, such as in arid regions and of impermeable 
geologic formations (Brockman, 1989; Fredrickson et al.,
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1989; Kieft et al., 1993). Further studies of 
uncontaminated subsurface environments in arid regions show 
that these environments are chronically oligotrophic where 
nutrient flux by water influence (in sediments) and water 
infiltration (in rocks) is low or does not occur. It is 
suggested that random deposition of microorganisms 
transported with waterflow along porous matrices or along 
fractures over geologic and present time frames, may be one 
reason for their heterogeneous distribution.
A number of studies have focused on hydrogeologic 
mechanisms that may control microbial movement and 
distribution in deep strata to better understand how 
microbes may have initially colonized the subsurface 
(Balkwill, 1989; Fredrickson et al., 1989; Haldeman et al., 
1993; Hazen et al., 1991; Severson et al., 1992). Interest 
in microbial presence and potential for transport to and 
within subsurface environments stems from various 
anthropocentric concerns related to water quality and 
resource management, such as how microorganisms affect 
groundwater chemistry and other geologic processes (Allen 
and Morrison, 1973; Bales et al., 1989; Champ and Schroeter,
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1988; Hiejnen et al., 1991; Lappin-Scott and Costerton,
1988; Swindoll et al., 1987; Yates, 1988). Several 
laboratory and field studies concerning transport of 
inoculated microorganisms have demonstrated relatively rapid 
transport with water flow along connected macropores or 
fractures in unconsolidated and consolidated permeable media 
(Allen and Morrison, 1973; Champ and Schroeter, 1988; Fontes 
et al., 1991; Gannon et al., 1990; Harvey and George, 1989; 
Smith et al., 1985).
This study presents the hypothesis that microorganisms 
are transported during flow with surface waters along 
connected macropores or fractures to the deep tuffs at 
Rainier Mesa. Furthermore, microbial transport with water 
flow may contribute to the initial colonization of 
microorganisms in the deep subsurface.
Rainier Mesa is a Miocene-age (12-14 million years) 
volcanic formation located in the arid southwest. A 
diversity of recoverable microorganisms has been found to 
exist in unsaturated permeable tuffs at 50 m to the 
relatively impermeable and saturated zeolitized tuffs at 400 
m depth in the perched water zone of the mesa (Haldeman and
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Amy, 1993; Haldeman et al., 1994). The mesa consists of 
layers of highly fractured volcanic tuffs with variable 
hydraulic conductivities, and water movement through the 
mesa is primarily along fractures in the tuffs (Russell,
1987). A perched water zone approximately 215 m thick 
extends to a 400 m depth, where a majority of microorganisms 
have been recovered from the saturated zeolitized tuffs. 
Surface water travels rapidly to a 400 m depth along a 
fracture flow system in the mesa's saturated zone and is 
estimated to take 6-30 yr to reach this depth (Clebsch, 
1960). A much longer transport time (-250,000 yr) is 
calculated for matrix recharge to the same depth 
(Thordarson, 1965) .
Access to a deep subsurface fracture flow in the 
perched water zone of saturated tuffs in Rainier Mesa 
presented a unique opportunity to test microbial transport 
in rock. The possibility of microbial transport with water 
flowing along fractures to depth or laterally into the deep 
rock matrix of volcanic tuffs along the water flow path was 
tested. The microbiota in water flowing in deep subsurface 
fractured tuff rock was compared to that within the water
48
flow path and those in rock at distances isolated from the 
flow water. It is suggested that differences in microbial 
diversity and distribution may be explained by variations in 
hydrologic and geologic characteristics.
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2.3 MATERIALS AND METHODS
Sample Site. Water and rock samples were obtained for 
microbial analysis from within and around a free flowing 
fracture at a 400 m depth in U12n south drift tunnel of 
Rainier Mesa, Nevada Test Site. Figure 2.1 shows 
an overhead map view of the tunnel systems and the sampling 
location ca. 1.5 Km into the mesa at a 400 m depth. One 
water (FW = fracture water), one clay and five rock samples 
(rubble rock, and DR1, DR2, DR3, DR4 = deep rock) were taken 
and are depicted in Figure 2.2. The tunnel exposed a 
fracture through a bed of zeolitized tuff and the fracture 
itself was bounded on either side by a 2 m wide zone of 
highly altered, silicified, red-green tuff. Three meters 
above the tunnel floor, the fracture width was < 1 cm and 
was oriented vertically at the tunnel face. The fracture 
widened to 1 m at the tunnel floor. Samples were taken on 
two separate occasions. On December 20, 1993 samples were 
taken to enumerate respiring cells and on January 11, 1994 
samples from the same locations were taken for all other 
analyses. No further sampling was possible at this location
50
Mesa
Well U12n#8
Rainier
Mesa U12n
2080 3808 M eters1088
Figure 2.1 An arial view of the Rainier Mesa tunnel system, 
* = approximate sampling location, (From Henne, 1982).
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because of restrictions imposed by the Department of Energy. 
At the time of sampling, water was flowing freely along the 
fracture at a rate of -2 L/min, estimated during sampling of 
fracture water for timed intervals.
The percent water content of rock samples was calculated 
from the ratio: (wet rock weight - oven dried rock weight) / 
oven dried rock weight. Percent potential saturated water 
content for a 2.5 cm3 unit of rock sample was calculated as 
(saturated weight - oven dried weight) / bulk volume to 
determine the maximum holding capacity for 
water of the different rock samples. Bulk volume was 
determined for 13.2cm3 subcores of rock that were cut to 
size with a 2.8cm inner diameter drill bit and rock saw.
The saturation ratio was: % rock water content / % potential 
saturated water content to determine if rock samples were at 
their maximum holding capacity. Porosity and permeability 
were measured on 2.5 cm3 samples of each rock type (except 
clay) using a laboratory helium porosimeter and permeameter 
designed by Eric Robertson at the Idaho national Engineering 
Laboratory. Effective porosity (0eff) is expressed as:
— (̂ bulk ĝrain) / b̂ulk
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Where bulk volume Vbulk is calculated from core dimensions,
V = r2h and Vgrajn = volume of solid mass.
Permeability (K) is expressed as:
K = quL / AAP
Where q = flow rate, u = viscosity of fluid, L = length of 
core, A = cross sectional area, AP = change in fluid 
pressure across the core.
Porosity for clay was calculated from the saturated 
water content as (wet weight - oven dried weight) / bulk 
volume. Hydraulic conductivity (an indicator of 
permeability) was determined for a 2.5 cm3 bulk volume of 
clay using a constant head permeameter. All porosity, 
permeability and hydraulic measurements were done in 
triplicate on three subsets of each sample and the results 
were averaged.
Sample Collection. The free-flowing fracture water 
sample was collected in - 2 L portions and sealed in sterile 
mason jars. Before rock samples were taken from specific 
locations, the rock surfaces were swabbed with a sterile 
cotton swab moistened with sterile nutrient broth and
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streaked onto R2A agar (Difco). This process was repeated 
before and after exposing each rock surface. The plates 
were incubated at room temperature for 2 wk and checked for 
microbial growth. A small portable impact hammer was used 
to create fresh rock surfaces by clearing away 3-4 cm of 
surface rock. The tip of the impact hammer was flame- 
sterilized before clearing away rock. Rock samples DR1 - 
DR4 were obtained aseptically with flame-sterilized chisels. 
The top portion of exposed rubble rock was cleared away and 
served as a quality control (QC) sample for rubble and clay. 
The QC rubble was analyzed for all the same microbiological 
and geological parameters as other samples. Underlying 
rubble rock was obtained with a small sterile spade and 
collected in sterile containers. A wall of rock comprising 
the back face of the fracture zone was broken down with a 
hammer revealing a massive clay pocket. Clay was removed 
with a sterile spade and collected in sterile containers.
All samples were immediately placed in coolers with ice for 
transport to the laboratory. Sample preparation was 
initiated within 6 hr of collection.
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Sample Preparation. All samples, including the QC 
rubble, were split into three portions to allow for 
statistical analysis of variance. The triplicate subsets of 
altered/silicified and zeolitized tuff were crushed using a 
sterile mortar and pestle. Subsets of each rock sample were 
made into rock slurries by diluting 5 g rock with 45 ml 
artificial pore water (APW) containing 0.1 % sodium 
pyrophosphate (Sigma) in 250 ml Erlenmeyer flasks. The APW 
(Amy and Hall, 1992) is a chemical reconstruction of pore 
water in zeolitized tuffs and free flowing water in the 
tunnel system of the mesa based on hydrogeological data from 
Benson (1976). The APW contained the following in 
milligrams per liter of deionized water; MgS04*7H20, 20; 
A12(S04)3. 0.19; Na2B407, 0.55; CaS04. 14; NaSi03*9H20, 228; 
KN03, 13.5; CaCL2*2H20, 33 ; NaHC03, 170; and FeS04*7H20, 0.05. 
The pH was adjusted to 6.5 before it was filtered (0.2um 
nitrocellulose filters, Gelman) and autoclaved. Final pH 
was ca. 8.0. Rock slurries were shaken at 150 rpm using an 
environmental shaker (VWR Scientific) for 1 hr at room 
temperature to facilitate removal of microbes from the rock 
particles. Serial dilutions (10‘1 - 10‘4) in APW were
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spread-plated in triplicate onto R2A agar plates to show 
method reproducibility within a subset sample. This resulted 
in 36 plates per sample location. Fracture water was 
separated in three sterile glass jars from which serial 10- 
fold dilutions with APW were made. All plates were 
incubated for 2 wk at room temperature and then checked for 
microbial growth. Recoverable microorganisms were selected 
by growth on R2A plates at room temperature instead of the 
ambient temperature of the tunnel where the samples were 
taken because a previous study by Amy et al. (1992) found 
that R2A recovered the greatest number and diversity of 
microorganisms from the zeolitized tuffs as compared to 
other types of media tested. Additionally, temperature 
regime did not affect either the abundance or diversity 
of microorganisms recovered; however, slower growth was 
noted at lower temperatures. Culture enumeration was based 
on total colony forming units (CFU) per gram dry weight or 
milliliter water. Different bacterial colony morphotypes 
were distinguished from each other by noting colony color, 
size (diameter and height), shape, relative glossiness and 
margin contour using a magnifying lens. Additionally, the
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proportion of each bacterial morphotype within a community 
at a given location was recorded. A single bacterial colony 
of each type was isolated to purity by at least two 
successive streaks on fresh agar plates. The Shannon- 
Weaver diversity index was used (Atlas and Bartha, 1987) to 
determine diversity; (H = - £^pi*lnpi) where pi is the 
proportion of individual types in the community. Evenness 
(e) was calculated from the Shannon-Weaver diversity value 
(e = H - natural log of the number of colony morphotypes) 
for each sample. Aseptic technique for three sets of 
autoclaved rock (121 °C, 20 minutes) controls was 
demonstrated by lack of microbial growth on nutrient media 
used in this study.
Direct and respiring cell enumerations. The ten-fold 
dilution of each sample was used for preparation of total 
enumeration slides. Samples were preserved by adding 1 ml 
0.1% noble agar and 135 ul 37% formaldehyde to 9 ml of rock 
slurry or fracture water. A modified method of Sinclair and 
Ghiorse (1987) was used for direct microscopic enumeration 
of fluorochrome stained cells. Five microliters from each 
sample was spread over a cm2 circular area in triplicate on
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alcohol-flamed glass microscope slides. After samples were 
air dried, a drop of solution containing 0.01% acridine 
orange and 0.5ug/ml of 4 1,6-diamidino-2-phenyl-indole 
dichloride (DAPI) was spread evenly on the sample and 
incubated in the dark at room temperature for 15 min. Ashed 
(baked at 400-500°C in an ashing oven for 24-48hrs) rock 
slurries served as a control. Excess dye was removed by 
rinsing gently with a 0.1% NaCl solution in APW and then air 
dried. Slides were viewed immediately for enumeration with 
a Nikon microscope (lOOOx magnification) adapted for 
fluorescence microscopy with UV-2A ultraviolet filter 
combination (330-380nm excitation filter with a 420nm 
barrier filter and 400 dichroic mirror). Cells within a 
grid of a specific square area were enumerated in twenty- 
five fields per sample.
The tetrazolium dye, cyanoditoyl tetrazolium chloride 
(CTC), was used to stain respiring cells for enumeration 
(Rodriguez et. al., 1992). A two-fold dilution of each 
sample was made by adding 2 g rock or 2 ml fracture 
water to a 4 ml solution containing 5 mM CTC and 0.5 
strength R2B (Amy et al., 1992). Triplicates of each
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sample were incubated for 4 h at room temperature before 1 
ml of each sample was filtered onto 0.2 urn pore black 
polycarbonate nitrocellulose filters (Poretics).
Epifluorescent cells were enumerated in each of ten fields 
at lOOOx magnification with a Nikon microscope using B-2A 
blue excitation filter combination (450-490nm excitation 
filter with 520nm barrier filter and 510 dichroic mirror). 
The total number of cells were calculated per gram dry 
weight or ml as follows:
Total cells/g dry weight or ml =
(#cells/field)*(#gridsa/cm2) * (l. 0cm2/mlb) *
(dilution/gc) * (100 + %water)/100 * 
a = 1.64xl04 grids/cm2
b = volume counted; .005ml (total#), 1ml (respiring#) 
c = from dilution; 1:10 (total#), 1:2 (respiring#) 
d = numbers of cells per gram dry weight was calculated for 
rock only.
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Most probable number analyses. The five-tube most 
probable number (MPN) test (Page and Miller, 1960) was used 
to detect and enumerate microaerophilic nitrogen-fixing, 
denitrifying, hydrogen sulfide-producing, iron-oxidizing and 
glucose-oxidative and fermentative microorganisms. MPN 
tubes containing various media were prepared and the results 
interpreted according to a methods manual for general 
bacteriology (Gerhardt et al., 1981). To select for specific 
groups of bacteria, MPN tubes were inoculated with dilutions 
of each sample and were incubated for 6 wk at room 
temperature before interpretation from a MPN table (Page and 
Miller , 1960) for five-tube replicates of a 1:10 dilution 
series (10'1 - 10'4) .
Microaerophilic nitrogen-fixing bacteria were detected 
in nitrogen-free semi-solid agar medium containing 
bromothymol blue as a redox indicator. A positive test was 
seen as a color change from green to blue, indicating an 
alkalinization of the medium due to cellular growth. To 
confirm N2-fixing activity, fresh N2-fixing medium was 
inoculated from the positive tubes.
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Numbers of denitrifying bacteria were determined in R2B 
broth containing 0.1% KN03. A positive test for complete 
denitrification was seen as N2 gas caught in an inverted 
Durham tube. An intermediate reaction of denitrification 
(nitrate reduction to nitrite) was detected as a pink color 
when solutions of sulfanilic acid and dimethyl alpha 
naphthalamine where added. Negative tests were confirmed by 
detection of nitrate in the media by addition of zinc powder 
that reacts with nitrate to form a pink color.
Iron-peptone agar was used to detect the number of 
hydrogen-sulfide producing bacteria. A positive reaction 
was seen as a black precipitate of FeS. A positive test for 
iron-oxidizing bacteria was indicated by a change in medium 
color from yellow to red-brown. To determine if MPN tubes 
were functioning properly, each media type was inoculated 
with serial 1:10 dilutions of organisms known to exhibit a 
specific metabolic function. These included: Azospirillum 
sp. (nitrogen fixation), Escherichia coli (nitrate 
reduction), Pseudomonas stutzeri (denitrification), Proteus 
vulgaris (hydrogen sulfide production) and Thiobacillus 
ferridoxans (iron oxidation).
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Metabolic profile of isolates. One colony of each 
distinct type of microorganism was isolated to purity by 
successive streaks onto R2A agar plates until a pure 
bacterial culture was obtained. Bacterial isolates were 
tested for utilization of citrate as a sole carbon source, 
urea cleavage (Difco), beta galactosidase (Bgal) activity 
and expression of cytochrome b (oxidase test). Media 
preparation and interpretation of results were as described 
by Koeble-Boeke et al. (1988). These specific metabolic 
reactions were selected because they have been used 
previously to differentiate bacteria recovered from flow 
water, or those in rock exposed to flow water, from 
endolithic bacteria isolated from rock (Amy et al., 1992).
Citrate utilization was indicated by microbial growth 
and color change of the medium from green to blue. Urease 
activity was seen as a dark red color in media containing 
urea and phenol red (pH indicator), signifying an increase 
in pH due to bacterial cleavage of ammonia from the urea 
molecule. Isopropyl-beta-D-thiogalactoside (IPTG) 
supplemented medium was used to detect Bgal activity and 
thus potential lactose utilization. A positive test was
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indicated by a color change from clear pale yellow to 
bright yellow. Tetrazolium salt-impregnated filters (Difco) 
were used to determine cytochrome b activity, a positive 
test indicated transfer of electrons to reduce the colorless 
tetrazolium salt to a purple formazan. To insure the tests 
were functioning correctly, organisms known to react 
positively to a specific test were inoculated to the four 
types of media. These included: Proteus vulgaris (urea 
cleavage), Enterobacter aerogenes (citrate utilization), 
Escherichia coli (Beta galactosidase activity) and 
Pseudomonas aerainosa (cytochrome b activity).
API-NFT test strips (Analytab Products, 1987) were used 
to profile isolates of similar morphologies that were 
recovered at multiple sample sites to determine if bacteria 
with indistinguishable morphotypes had identical responses 
to the 20 physiological tests. It had been shown in a 
previous study that microorganisms recovered from deep 
subsurface tuffs were rarely identified by the API-NFT test. 
However, bacteria with indistinguishable colony morphotypes 
expressed identical responses to the 20 individual API tests 
indicating the same organism (Haldeman and Amy, 1993). Test
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strips were inoculated according to manufacturer's 
instructions (Analytab Products, 1987), except APW was used 
in place of saline as a diluent and test strips were 
incubated at room temperature. Isolates were given an API 
profile number based on their response to twenty metabolic 
functions.
Physical profile of isolates. Isolates were profiled 
by cellular and colony morphology (Koeble-Boeke et al.,
1988). Twelve physical characters were chosen, for colony 
parameters: pigmentation, mycelial formation, smoothness, 
flatness, glossiness, transparency, striation. Cell 
parameters: size, shape, filament formation, cell
association and Gram reaction.
Statistical analysis of variance within and between 
sample sites. To determine heterogeneity within sample 
sites, water and rock samples (before crushing) were divided 
into triplicate for microbial analysis. The non-parametric 
multi-variant test of Bonferoni (More and McCabe, 1989) was 
used to determine if significant differences existed within 
and among sites for direct, respiring cell and culturable 
enumerations. Confidence limits were calculated for MPN 
data to show differences within and between sites.
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2.4 RESULTS
Hydrogeological and other physical characteristics of 
the water and rock samples from Rainier Mesa. Sample sites 
are shown in Figure 2.2, where fracture water, clay, and 
rubble rock were sampled in the immediate vicinity of the 
fracture and DR1-DR4 rock was sampled at lateral distances 
from the fracture. Table 2.1 shows the physical 
characteristics of the samples. Rock samples; DR1, DR2, and 
DR3 consisted of highly altered ashfall tuff which was red 
in color with abundant white crystalline and ovaline 
fragments. The rock sample farthest from the fracture (DR4) 
was beige zeolitized ashfall tuff. The primary species of 
the clay sample was smectite composed primarily of Si02 and 
A103 (Barbara Harris-West, personal communication). The 
water content for rock samples exclusive of the clay was low 
and varied from 1.9 - 12.9 %, with the fracture face rock 
having the lowest value and farthest zeolitized tuff the 
highest. Saturated water content was calculated for rock 
samples to determine their maximum holding capacity for 
water. Potential saturated water content (exclusive of clay) 
ranged from 6.4 to 29.7 % with the fracture face having the
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lowest and farthest zeolitized tuff the highest value. The 
clay had the highest mean value for natural and potential 
saturated water content and porosity, 37.1% and 42.1% 
respectively. Percent natural saturation was calculated as 
a ratio of actual to the potential saturated water content 
of the rock to determine if the samples were at their 
maximum holding capacity for water at the time of sampling. 
Percent saturation ranged from 29 - 88 %, again with the 
fracture face rock having the lowest and clay highest value. 
Total porosity (to He gas) for the highly altered rock 
samples was very low, with averages ranging from 2.9 - 8.1 
%, the fracture face rock being the lowest due 
silicification along the fault zone. The zeolitized rock 
sample had an intermediate porosity at 25% with clay having 
the highest porosity value at 42.1%. Permeability of all 
rock samples (to helium gas) was low 10'8 - 10'12 m/s, with 
the lowest permeability values being for the fracture face 
rock. The hydraulic conductivity for the clay was zero under 
a pressure head of 200 psi. Volumetric water content and 
hydraulic conductivity would be expected to be much lower 
for all rock samples due to the higher viscosity of water
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relative to helium gas (Fetter, 1988). The pH of all samples 
was in the physiological range for support of viability and 
growth of most microorganisms and ranged from 7.3 in the 
clay to 8.5 in the zeolitized tuff. The temperature of all 
samples was within a narrow range (14 - 18 °C) .
Direct cell counts, enumeration of culturable aerobic 
heterotrophs, diversity, evenness and numbers of different 
bacterial colony types are shown in Table 2.2. Respiring 
cell counts are shown in Table 2.3. Direct and respiring 
counts were several orders of magnitude larger than 
culturable cell counts. Although the direct number ranged 
narrowly from 107 - 108 cells per g dry weight or ml of 
sample, analysis of variance showed significantly higher (p 
= 0.05) total cell numbers in clay compared to all other 
sites. The values for respiring cell numbers fell in 
between direct and culturable cell counts. A greater range 
of respiring cell numbers was seen 106 - 109 cells per g or 
ml between sites. Respiring cell numbers declined from 
7.27xl08/ml to 1.26xl06/g with increasing distance from the 
fracture water. The fracture water and rubble rock had 
significantly higher respiring cell numbers (p = 0.05)
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Table 2.2 Microbial enumeration8 of samples
Sample Direct 
Count 
(AODC)b
Culturable
count
H
Diversity0
e
Evennessd
colony
types
WATER 7 .00 
(SD=6.87)
1.63 * 
(SD=1.13)
1.70
(SD=0.22)
0.90 * 
(SD=0.07)
8
RUBBLE 7.95
(SD=6.67)
5. 65 
(SD=5.53)
2.64 * 
< SD=0.31)
0.70
(SD=0.09)
45
CLAY 8.06 * 
(SD=7.59)
3.35 * 
(SD=3.10)
2.08 
C SD=0.29)
0.71
(SD=0.06)
19
FACE DR1 7 . 79 
(SD=7.34)
5.26
(SD=4.63)
1.90 
(SD=0.17)
0.60
(SD=0.06)
23
9 cm DR2 7 . 57 
(SD=7.24)
4.19
(SD=3.89)
2.50 * 
(SD=0.03)
0.76
(SD=0.03)
26
30cm DR3 7 . 16 
(SD=6.52)
5.09 
(SD=3.91)
1.89 
(SD=0.16)
0.56
(SD=0.03)
28
3m DR4 7.79
(SD=7.35)
4.83
(SD=4.49)
1. 67 
(SD=0.20)
0.67
(SD=0.06)
12
aLog transformed data for all parameters measured represent 
mean values for three replicates per gram dry weight or 
milliliter sample. bAn acridine orange direct count (AODC) 
cDiversity (H) and devenness (J) were calculated from the 
Shannon-Weaver index of diversity = H, Eveness = e = 
H/ln*#colony morphotypes. * = significant difference (p=0.05), 
significant differences between mean values for; 
direct (+/- 7.79), culturable (+/- 4.63), diversity 
(+/- 0.60), evenness (+/- 0.20). SD +/- standard deviation. 
For clarification of significant difference and standard 
deviation between mean values convert log data to whole 
numbers or refer to appendix I.
71
Table 2.3. Respiring cell enumeration3 of 
samples.
Sample Respiring Cell Count (CTC)b
WATER 8 . 8 6  CSD = 7.60) *
RUBBLE 7.75 (SD = 7.39) *
CLAY 7 . 44 (SD = 6.93)
DR1
face
7 . 13 (SD = 7.08)
DR2 
9 cm
6 . 54 (SD = 5.81)
DR3
30cm
6.61 (SD = 6.23)
DR4
300cm
6. 12 (SD = 5.41)
3 Log transformed data for mean values of 
triplicate samples per gram dry rock weight 
or milliter of water, +/~standard 
deviation. b The tetrazolium dye (CTC) was 
used to enumerate respiring cells.
* Significant difference (p=0.05), +/- 7.34 
SD = standard deviation. For clarification 
of significant difference and standard 
deviation convert log data to whole numbers 
or refer to appendix II.
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compared to rock sites DR2, DR3 and DR4, differing by 100 
fold. The number of culturable aerobic heterotrophs was 
significantly lower in the fracture water and clay site as 
compared to all other samples (p = 0.05), averaging 50 and 
103 CFU/ml or CFU/gm dry weight, respectively. Culturable 
numbers ranged narrowly at all other sites from 104 - 10s 
CFU/per ml or CFU/gm. A graphic representation of direct, 
respiring and culturable cell numbers as a function of 
relative distances from the fracture is shown in Figure 2.3. 
Minimal differences were observed in direct cell counts 
among sites, whereas respiring cell numbers declined with 
increased distance from fracture water and culturable cell 
count increased. Additionally, direct microscopic 
observation of both total and respiring microorganisms in 
rubble and fracture face rock revealed more morphological 
types that were not recovered on R2A agar plates. These 
viable but non-culturable cells may account for the large 
disparity between total, respiring and culturable cell 
numbers observed for rubble, clay and fracture face rock.
Microbial diversity was significantly lower (p = 0.05) 
in the fracture water (H = 1.70), DR3 rock (H = 1.89) and
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zeolitized tuff (DR4) (H = 1.65) compared to rubble (TT = 
2.64) and DR2 rock (H = 2.50). The evenness index for 
fracture water (e = 0.90) was significantly higher 
(p = 0.05) than all other samples indicating that the 
culturable microbiota in fracture water were more 
homogeneously distributed.
In some cases, variability was exhibited within a 
sample. No significant differences were seen in direct 
numbers of microorganisms within most sample locations. 
However, a significant difference (p = 0.05) was seen in 
direct numbers within triplicate sets of fracture face rock 
(DR1) and within the replicates of zeolitized tuff rock 
(DR4). No significant differences were seen for respiring 
numbers of microorganisms within all sampling locations, 
indicating respiring cell numbers were evenly distributed 
within a particular sample. Significantly different 
(p = 0.05) culturable numbers of bacteria were seen within 
rubble, clay fracture face rock samples. The differences in 
culturable number were attributed to swarming/motile 
bacteria that grew over some of the agar plates of the 
rubble sample and large numbers of actinomycete colonies on
75
some of the agar plates from the fracture face rock. The 
overgrowth of these bacteria on plates would have also 
affected the recoverable diversity (and evenness value) and 
were therefore disregarded in calculating diversity values.
The rubble rock and clay samples were compared to the 
quality control (QC) rubble to determine if differences 
existed for total numbers, culturable numbers, diversity and 
evenness values among these sites. No significant 
differences were seen for total numbers of microorganisms 
among sites. QC rubble had significantly higher (p = 0.05) 
numbers of culturable bacteria than both underlying rubble 
and clay, which were 10 and 100 fold lower respectively. 
Microbial diversity was significantly higher (p = 0.05) in 
QC rubble than in clay, however, there was no significant 
difference in diversity between QC rubble and underlying 
rubble. QC rubble had an evenness value (e = 0.86) that was 
significantly higher (p = 0.05) than both underlying rubble 
and clay.
Most probable enumeration for functional groups are 
presented in Figures 2.4 a-d and Tables 2.4 a-d.
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Table 2.4 a. Most probable number of nitrogen fixing bacteria
Sample MPN value 95% Confidence Limits
Low High
fw 001 200 100 1000
fw 201 700 200 2000
fw 010 200 100 1000
gc 230 1200 531 3079
qc 310 1100 424 3079
qc 420 2200 955 5947
rb 421 2753 1270 6883
rb 541 18000 7413 50832
rb 541 18000 7413 50832
cl 510 4113 1371 16452
cl 440 4651 2193 10968
cl 531 15000 5484 41130
drl 542 2200 10000 58000
drl 531 1100 4000 30000
drl 430 2700 1200 6700
dr2 510 3255 1085 13020
dr2 310 1193 434 3146
dr2 210 759 217 2278
dr3 513 11000 4468 33510
dr3 441 3400 1787 8936
dr3 552 50000 22340 223400
dr4 100 225 112 1241
dr4 200 451 112 1919
dr4 230 1354 564 3274
Most probable number was calculated for triplicate sets of
each sample by reference to a MPN table in Gerhardt et al. 
(1981). Confidence limits were based on the five tube test 
with a one to ten dilution series.
8 jo jui H 3 d
S 1 1 3 0  0 0 3
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Table 2.4 b. Most probable number of nitrate reducing
bacteria
Sample MPN value 95% Confidence 
Low
Limits
High
fw 555 >1600
fw 555 >1600
fw 555 >1600
qc 555 >1600
qc 555 >1600
qc 555 >1600
rb 543 296 127 730
rb 552 529 211 2118
rb 512 63 31 190
cl 555 >1600
cl 554 1600 822 7266
cl 554 1600 822 7266
drl 431 33 15 77
drl 220 9 3 25
drl 300 8 3 24
dr2 553 976 325 3146
dr2 533 184 75 480
dr2 554 1736 651 5750
dr3 555 >1600
dr3 522 100 44 279
dr3 555 >1600
dr4 555 >1600
dr4 555 >1600
dr4 555 >1600
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Table 2.4 c. Most probable number of denitrifying bacteria
Sample MPN value 95% Confidence 
Low
Limits
High
fw 421 26 12 65
fw 420 22 9 56
fw 420 22 9 56
qc 111 6 2 18
qc 220 9 3 56
qc 412 26 12 63
rb 421 26 12 65
rb 510 30 10 120
rb 311 14 6 35
cl 552 685 274 2742
cl 552 685 274 2742
cl 552 685 274 2742
drl 421 26 12 65
drl 211 9 3 24
drl 230 12 5 29
dr2 532 140 60 360
dr2 331 17 7 40
dr2 540 130 50 390
dr3 553 900 300 2900
dr3 520 50 20 170
dr3 553 900 300 2900
dr4 511 50 20 150
dr4 530 80 30 250
dr4 211 9 3 24
8  j o  | u i  H 3 d
S1 1 3 3  0 0 3
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Table 2.4 d. Most probable number of hydrogen sulfide
producing bacteria
Sample MPN value 95% Confidence 
Low
Limits
High
fw 001 200 100 1000
fw 010 200 100 1000
fw 010 200 100 1000
qc 001 212 106 1062
qc 001 212 106 1062
qc 001 212 106 1062
rb 321 1800 741 4236
rb 211 953 317 2541
rb 400 1370 529 4024
cl 533 23370 10968 56211
cl 433 4661 2193 10968
cl 444 4661 2193 10968
drl 300 800 300 2400
drl 100 200 100 1100
drl 200 400 100 1700
dr2 010 217 108 1085
dr2 010 217 108 1085
dr2 000 217 108 1085
dr3 000 223 111 1117
dr3 001 223 111 1117
dr3 010 223 111 1117
dr4 010 225 112 1129
dr4 010 225 112 1129
dr4 001 225 112 1129
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Numbers of nitrogen-fixing bacteria were lowest in the 
fracture water (<2.0xl02 - 7.OxlO2 cells/ml) and zeolitized 
tuff (<2.OxlO2 - 1.2xl03 cells/g) with higher numbers at 
other sites (l.lxlO3 - 5. OxlO4)/g. There was large 
variability in numbers of nitrogen-fixing bacteria within 
each sample except fracture water, QC and zeolitized tuff. 
Numbers of bacteria that could reduce nitrate to nitrite 
were lowest in the rubble and fracture face rock, with 
comparatively higher numbers of nitrate reducing bacteria at 
all other sites (Table 2.4b and Figure 2.4b). No 
variability in numbers of nitrate-reducing bacteria was seen 
within the water sample, clay and zeolitized tuff sample 
DR4, while variability was observed within other sample 
sites. Higher numbers of bacteria expressing complete 
nitrate reduction to nitrogen gas (denitrification) occurred 
in the clay and DR3 rock sample (Table 2.4c and Figure 
2.4c). The clay sample showed no variability in most 
probable numbers of denitrifying bacteria within a sample 
site, while all other locations showed greater variability 
in abundance of denitrifying bacteria within samples.
Greater numbers of hydrogen-sulfide producing bacteria were
85
found in rubble and clay, with the highest numbers present 
in the clay sample, and numbers were at or below the limit 
of detection (<100 cells/g) at all points away from the 
fracture (DR1, DR2, DR3, and DR4).
One of each distinct colony morphotype was picked from 
all sites to further characterize morphological and 
physiological traits. Physical characteristics of colony 
and cell types recovered from samples are presented in 
Table 2.5. Few relationships were observed for colony and 
cell types occurring between sites. A higher proportion of 
Gram positive bacteria was observed in fracture water and 
the zeolitized tuff farthest from the fracture water (DR4) 
at 46 and 72% respectively, while bacteria isolated from all 
other sites showed greater than 90% Gram negative reaction. 
Bacteria occurred in pairs and chains more often in fracture 
water, rubble, clay and in sample DR4, while more single 
cells were seen in the tuff of samples DR1, DR2, and DR3. 
Filamentous bacteria were found as a greater proportion of 
the recoverable microbiota in the DR4 rock sample farthest 
from the fracture (41%) than all other sites (C - 8%). 
Generally, the proportion of small cells (< 1 urn) was
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highest in the fracture water (61%), clay (79%) and welded 
tuff sites (DR2 (74%) and DR3 (79%) with a greater 
proportion of larger cells seen in rubble, fracture face 
rock and DR4 rock. Bacteria that formed mycelial colonies 
occurred as a larger proportion of the culturable microbiota 
in all the rock samples DR1, DR2, DR3, and DR4. The 
proportion of bacteria that formed pigmented colonies was 
high and similar between sites. Yellow pigmented colonies 
were dominant, while orange, red and pinkish colonies were 
also commonly observed. Opaque or white colonies were not 
considered as true pigments. Intracellular refractile 
bodies (that were not spore structures) were observed for 
bacteria occurring in the rubble and clay and not at other 
sites. A large proportion of transparent, non-pigmented 
colonies were seen at all sites except for the fracture 
water and most distal rock (DR4).
It is important to note, that the observations of cell 
morphologies were conducted on bacterial isolates (i.e., 
individual bacterial types that were recovered from R2A 
agar). Microscopic observation utilizing direct and 
respiring cell counting techniques provided further insight
8 8
into the morphological composition of in situ communities.
In the rubble rock, a much larger organismal diversity was 
observed by direct microscopic methods than was indicated by 
recovery on R2A agar. Specifically, large yeast-like cells 
and fungal mycelia were observed but were non-culturable on 
R2A. Microcolonies were frequently observed in the rubble 
and fracture face rock and occasionally in the water, but 
were seldom detected in the other samples. Additionally, 
exopolymer-like material enveloped the microcolonies, 
especially those that occurred in the rubble rock.
Physiological characteristics were determined for all 
isolates and are shown in Table 2.6. Cytochrome b activity 
was expressed by a large percentage of isolates from most 
sites with no obvious trends occurring between sites. 
However, less than 50% of the isolates from the rock 
furthest from the fracture water tested positive for 
cytochrome b. A large proportion of citrate-utilizing 
bacteria were found in the clay and the DR3 rock, while few 
or no bacteria from other sites could use citrate as a sole 
carbon source. A higher percentage of bacteria from the 
fracture water, rubble and fracture face rock could cleave
89
Table 2 .6  Physiological characteristics of 
recovered microorganisms (%total kinds)
SAMPLE oxidase urease Bgal citrate
FW 77 6 1 15 7.7
RB 71 53 60 0 .04
CLAY 57 21 42 1 1
DR1
face
2 1 4 8 30 17
DR2
9cm
53 27 38 0.07
DR3
30cm
58 29 57 1 1
DR4
300cm
41 23 76 5.9
90
urea (61, 53, 48%, respectively) than those from clay, DR2,
DR3, and DR4 (21 - 29%) . No trends were seen in the
percentage of isolates expressing beta galactosidase 
activity between sites. However, the proportion of bacteria 
from the fracture water expressing beta galactosidase
activity was the lowest (15%) as compared to all other sites
(30 - 76%).
API-NFT physiological profiles (Table 2.7) of five 
isolates from each site demonstrated that similar colony 
morphotypes that were found between sites (fracture water, 
rubble, fracture face, clay and DR2 rock) had identical 
profile numbers. Only distinctly different colony 
morphologies were seen in the DR3 and DR4 rock, which also 
had different API profile numbers. Generally, isolates 
occurring in the vicinity of the fracture water (FW, rubble, 
face (DR1), clay) expressed more positive reactions to the 
individual API tests than those further from the fracture 
water (DR2, DR3, DR4).
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2.5 DISCUSSION
Geologic and microbiologic data (heterogenous 
distribution of bacterial diversity and abundance) suggest 
that extensive lateral transport of bacteria from fracture 
water to the distal zeolitized rock has not occurred 
recently. The linear flow velocity based on permeability 
calculations for matrix flow (10'12 m/s) was estimated at 
9,523 years travel time (0.315 um/yr) for bacteria to be 
transported from the fracture water to the zeolitized tuff 
that is 3 m away. This estimate is an optimal measurement 
for helium flow, however, and does not take into account 
many factors that may affect bacterial transport including: 
unsaturated-intermittent flow, tortuous flow paths and 
bacterial filtration/adhesion. Thus, travel times for 
bacteria in the rock matrix away from fractures may be much 
longer.
However, rapid, vertical and horizontal bacterial 
transport along well connected fractures by continuous and 
intermittent saturated flow of recharge water is not 
necessarily precluded. The fracture system occurred in the 
perched water zone of the mesa where rock on either side of 
the fracture is nearly 100% saturated. Fracture water (and 
thus microorganisms) would preferentially travel along well
94
connected fracture zones driven primarily by the hydraulic 
head (elevation of the fracture water column) and would 
probably not extensively infiltrate the already saturated 
surrounding rock matrix adjacent to the flow water. It 
should be noted that the bulk of the tuffs occurring above 
the perched water zone are unsaturated and may provide a 
condition where microorganisms are filtered, adsorbed and/or 
desiccated, limiting the number of surface microorganisms 
transported to the deeper saturated fractured zones.
However, there is a rapid, well connected hydrologic system 
linking the unsaturated and saturated zone where this 
particular fracture flow system occurs. Therefore, a 
diversity of microorganisms are likely to be transported to 
depth along this route. Several laboratory and field 
studies have shown that bacteria move great distances 
rapidly along fractures in rock of low intrinsic 
permeability during unsaturated and saturated flow, and 
transport of bacterial cells were constrained to the 
direction of the fracture flow paths (Allen and Morrison, 
1973; Bales et. al., 1989; Champ and Schroeter, 1988). Reda 
and Hadley (1983) demonstrated that up to 80% of water 
movement was along microfractures in low permeability pumice
95
and welded tuff cores (obtained from Rainier Mesa) during 
saturated flow conditions.
In this study, bacteria moving vertically with fracture 
water may be transported along microfractures extending 
laterally into the fracture face rock. Transport is a 
likely reason for the presence of microbes in the rock 
adjacent to the fracture flow path. Microbes may have been 
transported with flow water and subsequently colonized the 
rock some time in the past after fracturing occurred. 
Additionally, linear arrays of white mineral deposits in the 
rock is evidence for extensive fracturing in this zone along 
the primary fracture flow path. Colonization of the deep 
tuffs was probable because geochemical parameters in Rainier 
Mesa are within the physiological limits for support of many 
microorganisms (Haldeman et al., 1993) and are believed to 
have not changed greatly since cooling of the volcanic 
deposits (Benson, 1976). It also follows that 
microorganisms may have resided in the tuff matrix since the 
time of volcanic deposition if rock cooled in the atmosphere 
before deposition and may have been subsequently relocated 
with water flow.
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The total amount of water in rock from different 
sampling sites did not correlate with microbial abundance, 
diversity or distribution. Rock samples (rubble, DR1, DR2, 
DR3) had low natural water content and intrinsic 
permeabilities, but approached near potential total 
saturation and may be indicative of a fresh supply of 
recharge water flowing along microfractures. The fracture 
face rock and most distal zeolitized rock (DR4) were only a 
29% to 43% saturated to their potential. A completely 
silicified layer exposed on the fracture face may 
be one reason for the lower permeability and low potential 
saturation of this rock. Also, evaporation occurring at 
tunnel rock faces may be a reason for the lower percent 
saturation of both the fracture face and zeolitized tuff 
most distal from the fracture water. However, previous 
research has shown that evaporation from intact rock within 
the tunnels is minimal (Russell, et al., 1994). Rock may 
have lost water during sampling when a greater surface area 
of the rock was exposed which would increase the rate of 
evaporation. However, these locations may not have been 
fully saturated at the time of sampling.
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The composition of the microbiota occurring in the 
vicinity of the fracture water appeared to be different from 
that occurring in the rock matrix away from the fracture.
In general, higher numbers of hydrogen-sulfide producing 
bacteria, larger numbers of respiring and culturable cells, 
urea-cleaving bacteria, motile bacteria, and microcolonies 
were present in rock closest to the fracture water. Greater 
morphological diversity was observed as larger bacteria and 
eukaryotic (yeast and fungal mycelia) cells in the rubble 
and fracture face rock as compared to rock further from the 
fracture. Similar colony morphotypes were recovered from 
fracture water, rubble, fracture face and DR2 rock. These 
expressed similar or identical API profiles, while no 
morphologically similar microorganisms were recovered from 
the clay, DR3 and DR4 rock. These observations may be 
evidence that limited lateral bacterial transport is 
occurring along fractures extending away from the fracture 
face. In some cases, identical profiles were exhibited by 
bacteria that had different colony morphotypes. However, 
these often had the lowest confidence level values with a 
positive match for only one test. Additional testing would 
be needed to fully characterize these isolates.
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Some studies have reported differences in subsurface 
microbial communities between impermeable, saturated strata 
and highly transmissive strata, where water fluctuations 
through permeable strata may stimulate microbial activities, 
observed as increased abundance of viable microorganisms, 
metabolic rate, flexibility, diversity and/or recoverability 
(Amy et al. 1993; Beloin et al., 1988, Brockman et al.,
1990; Bone and Balkwill, 1988; Fredrickson et al., 1989; 
Hazen et al., 1991). Greater diversity and metabolic 
activity of microorganisms impacted by fracture water 
(rubble and fracture face rock) may be indicative of 
secondary community development along the fracture flow path 
where water may deliver pulses of nutrients and introduce a 
variety of microorganisms.
Many studies have demonstrated a greater abundance and 
diversity of bacteria attached to sediment surfaces in 
transmissive strata compared to those suspended in ground 
water (Bone and Balkwill, 1988, Ghiorse and Balkwill, 1983 ; 
Harvey et al., 1984; Rittman et al., 1980; Wilson et al., 
1983) . Similarly, in this study, microbial abundance and 
diversity was lowest for unattached microorganisms in 
fracture water as compared to other sites. Direct
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enumeration of total and respiring cells in rubble and 
fracture face rock revealed associations and morphological 
types of microorganisms that were not detected by plating 
(i.e., microcolonies were observed, yeast cells and 
eukaryotic filamentous forms were seldom recovered on R2A 
agar). The high surface area of rubble rock and the surface 
of the fracture face, upon exposure to flowing water, 
provide conditions that would allow for the accumulation 
of nutrients, attachment of microorganisms and subsequent 
promotion of biofilms. The high proportion of larger cells 
in rubble and fracture face rock provide evidence of 
bacterial growth. Microcolonies encased in exopolymer-like 
material observed in the rubble and fracture face rock also 
suggests that biofilm development may have been important in 
these samples. It is of interest to note, that the highest 
microbial diversities (observed either directly or by 
culturing) were in these environments. A complex microbial 
community may have had an opportunity to develop 
due to accumulations of organic and inorganic nutrients 
deposited on rock surfaces by the fracture water over time.
The lowest diversity and recoverable numbers of bacteria 
were seen in fracture water, clay and zeolitized tuff.
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Additionally, MPN analyses showed fracture water to have low 
numbers of nitrogen-fixing, denitrifying and hydrogen 
sulfide-producing bacteria. Direct microscopic observation 
showed a high proportion of minute cells in these samples. 
Small cells and low culturability may be evidence that many 
of these microorganisms may be non-culturable, dormant, or 
dead possibly because of long-term starvation conditions 
(Amy et al., 1983; Amy et al., 1993). It has been suggested 
that bacterial attachment to surfaces enhances nutrient 
uptake, growth or survival (Heinjen et al., 1991, Marshall, 
1976; Van Loosdrecht et al., 1990) MPN analyses showed that 
clay supported significantly greater numbers of bacterial 
functional groups, but many of them were non-culturable on 
R2A plates.
Brockman et al. (1990) noted greater proportions of
actinomycetes and Gram positive bacteria in paleosols of 
lower water potential, while Gram negative rods predominated 
in those that had higher water potentials. In this study, 
actinomycetes and Gram positive cells made up a greater 
proportion of the recoverable bacterial community in the 
zeolitized tuff furthest from the fracture water. This 
occurrence may indicate that recharge water is not reaching
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the microbiota there. Therefore, microorganisms in the 
zeolitized tuff environment may be under both nutrient and 
water stress. The pore water in the zeolitized tuff is 
different in chemical composition than the rapid recharge 
water and is thought to be close to the age of diagenesis of 
the rock (Amy et al., 1992). Increased osmotic pressure, 
due to the concentration of ionic species from dissolution 
of rock minerals, may also limit water availability to 
microorganisms in the zeolitized tuff.
The inconsistency and large difference between respiring 
cell numbers and culturable bacteria demonstrates that 
growth on agar media is a relatively selective process 
(Bone and Balkwill 1988; Hattori, 1980). Dormant 
microorganisms may require different resuscitation regimes 
(Amy et al., 1983; Hirsch and Rades-Rohkohl, 1983) and the 
degree of dormancy and numbers of dormant microorganisms may 
influence microbial recovery on nutrient agar. The recovery 
of functional groups of microorganisms (using MPN 
enrichments) helped bridge the gap between the respiring 
cell and culturable cell number in rubble and clay, 
demonstrating that these environments appear to support a 
greater diversity of metabolically active microorganisms
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than could be determined on R2A agar. Respiring cell 
enumerations were done on a different sampling trip which 
may account for the disparity between direct and respiring 
numbers (primarily in fracture water). Recharge to the 
fracture at this depth is rapid (Clebsch, 1960) and 
fluctuations in the numbers of microorganisms in the water 
over time may occur due to variations in the fracture water 
flow. Sampling the fracture water periodically would show 
whether microbial density changes with time. A few 
laboratory and field studies of bacterial transport through 
fractured formations or other natural porous materials have 
shown erratic numbers of inoculant bacteria detected at 
different time points, seen as pulses or spikes in bacterial 
breakthrough curves (Champ and Schroeter, 1988; Fontes et 
al., 1991). These observations suggest that microbial 
transport may not be in equilibrium in natural flow systems.
Differences between microbial abundance and diversity 
with increasing depth or position in a geologic formation 
may be due to random deposition of a variety of microbial 
cells by water along macropore or fracture flow paths. 
Microbial distribution patterns may also be due to the 
ability of bacteria to attach to rock surfaces and be
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influenced by nutrient flux. Bacteria that are isolated 
from fracture flow paths and poor vertical and horizontal 
matrix flow between the pore spaces of the farthest 
zeolitized tuff suggests that microorganisms may have been 
trapped in the rock for long periods of time. Whereas, 
microorganisms along well connected fractures with an 
adequate and periodic supply of fresh water, may reflect 
more metabolically active and diverse populations of surface 
exposed microbiota, and those in static conditions isolated 
in the rock matrix may be the progeny of colonizers from a 
time past.
CHAPTER 3
Microbial Transport in Saturated 
Volcanic Tuff Cores
104
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3.1 ABSTRACT
The transport of a rifampicin resistant bacterium, was 
tested through 19 saturated Miocene-age volcanic tuff cores. 
The cores were representative of the varied geology of 
Rainier mesa, differing in lithology and degree of 
alteration. Rapid bacterial transport occurred in vitrified 
ashflow and fractured zeolitized ashfall under the hydraulic 
elevational heads used (5-500cm). Hydraulic conductivity of 
10 cm length x 6 cm diameter cores ranged from 1.2 x 10'3 to 
9.6 x 10'5 cm/hr. Percent bacterial recovery was not 
directly related to hydraulic conductivity in either 
sandstone control cores or volcanic tuff cores. Bacterial 
recovery within three pore volumes for tuff cores ranged 
greatly from 3.3 - 54.7% of the initial inoculum. Clay- 
infiltrated, as well as unfractured, extensively zeolitized 
tuffs were impermeable to water, and therefore, no water 
flow or bacterial transport occurred through these tuff 
cores.
Two transport patterns were discerned in the permeable 
tuffs. The observed behavior of bacteria and chloride ion 
tracer in a solution of artificial pore water (APW) suggests 
that water flow along fractures was the primary route of 
tracer and bacterial transport in zeolitized tuff cores from
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400 m depth or more, and transport occurred by flow through 
macropores in friable tuff cores obtained nearer the mesa 
surface (44-366 m). These observations suggest that the 
potential for bacterial transport exists in deep 
subsubsurface tuffs.
107
3.2 INTRODUCTION
An understanding of microbial activities in deep 
subsurface environments is important because resources are 
derived from these environments, such as groundwater and 
fossil fuels, and many subsurface environments have also 
become contaminated with mixed organic and radioactive 
wastes. Studies of microbial transport through natural 
porous materials have been primarily stimulated by concerns 
of how contaminating or introduced microorganisms may 
pollute the subsurface (Allen and Morrison, 1973; Bales et 
al., 1989; Brown et al., 1979; Compeau et al., 1988; Gerba 
and Lance, 1978), or be exploited (as bioremediation or 
bioextraction of resources) in deep subsurface environments 
(Cusack et al., 1992; Gannon et al., 1991; Lappin-Scott and 
Costerton, 1990; MacLeod et al., 1988). Relatively large 
and diverse, naturally occurring populations of bacteria 
exist in many deep subsurface environments including: deep 
saturated sediments (Balkwill et al., 1989; Fliermans 1989; 
Fredrickson et al., 1988 ,'Sinclair and Ghiorse, 1989; Hazen 
et al., 1991), vadose zone soil and rock (Colwell, 1989; 
Haldeman and Amy, 1993; Kieft et al., 1993). Until 
recently, less attention was given to the microbial ecology 
of vadose zone rock. A diversity of microorganisms are now
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known to exist where toxic waste contamination has also 
occurred. This recognition has raised questions as to the 
mechanism by which these microbial populations occur in the 
deep subsurface and how they may affect human activities.
One of the mechanisms by which bacteria may occur in the 
deep subsurface is by water flow through the geologic matrix 
or along preferred flow paths, such as macropores and 
fractures. Many studies have involved bacterial penetration 
or transport in homogeneous sand and rock columns (Gannon et 
al., 1991; Cusack et al. 1992; Jenneman et al., 1985; Wollum 
and Cassel, 1978; Jang et al., 1983). These exclude the 
influence of natural porous heterogeneities present in most 
geologic material. Observations of water and particle 
movement in natural soils suggest that much of the water, 
and suspended particles in it, flow rapidly along preferred 
pathways created by biological and physical processes, 
thereby circumventing the soil matrix (Enfield and 
Bengtsson, 1988; Harvey and George, 1989; Smith et al.,
1985). This type of flow would greatly reduce the retention 
of solutes and bacteria and, therefore, allow them to travel 
long distances relatively rapidly. Laboratory studies in 
which vertical heterogeneities were introduced in sand or 
soil columns demonstrate that bacterial and colloid
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transport occurs more rapidly along these interfaces (Fontes 
et al., 1991; Toran and Palumbo, 1992). A few studies 
focused on virus transport in laboratory rock columns (Bales 
et al., 1989) and a limited number of field experiments 
involving bacterial transport have demonstrated microbial 
movement primarily along fractures (Allen and Morrison,
1973; Champ and Schroeter, 1988). Numerous studies of 
microbial transport in unconsolidated heterogeneous porous 
media (in the laboratory and field) suggest that natural 
heterogeneities in porous materials affect bacterial 
transport characteristics (Champ and Schroeter, 1988; Fontes 
et al., 1991, Harvey, 1989; Smith et al., 1985, Toran and 
Palumbo, 1992) .
Studies that focus specifically on bacterial transport in 
natural heterogeneous rock columns have not been published 
to this date. In this study, it was hypothesized that 
bacterial transport patterns in permeable natural rock cores 
were determined by water flow constrained along specific 
flow paths defined by the internal structure of the rock.
The primary objective of this study was to determine if 
bacterial transport could occur in volcanic tuff cores under 
controlled laboratory conditions, and if so, to characterize 
the patterns of transport. Volcanic tuff from Rainier Mesa
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was used because it was known that abundant and diverse 
bacterial populations occur in these deep subsurface tuffs 
(Haldeman and Amy, 1993). A second objective was to better 
understand the origin of bacteria in deep subsurface 
volcanic tuff environments by recognizing the potential for 
microbial transport to depth.
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3.3 MATERIALS AND METHODS
Solutions and Media
R2B (broth) and R2A (agar) (Difco laboratories, Detroit, 
Michigan) media supplemented with 150 ug/ml rifampicin 
(Sigma, St. Louis, MO) were used for maintenance and 
characterization of the bacterium used in this study. The 
composition of R2B and reservoir solutions that consisted of 
a chemical simulation of artificial pore water (APW) from 
Rainier Mesa tuff was previously described (Haldeman and 
Amy, 1993). Potassium chloride (0.05-0.1 M) was used as the 
conservative tracer in this study. All solutions were 
filtered through 0.2 um porosity nitrocellulose membranes 
(Gelman). All media and solutions were amended with 150 
ug/ml (final concentration) rifampicin.
Selection of Rifampicin Resistant Bacteria
Rifampicin resistance was chosen as a selective marker 
because few environmental microorganisms have this 
resistance. To obtain bacteria indigenous to volcanic rock 
from Rainier Mesa, 10 g of tuff rock was crushed with a 
sterile mortar and pestle and added 1:10 (w/v) to solutions 
of APW containing 0.1% sodium pyrophosphate (Sigma) to 
facilitate removal of microorganisms (Haldeman et al, 1993).
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The slurry was shaken 1 h at room temperature. Portions 
(lml) were spread-plated on R2A supplemented with 75, 100 
and 150 ug/ml rifampicin and 100 ug/ml cycloheximide 
(Sigma). Plates were incubated for two weeks at room 
temperature. Concentrations of rifampicin at or below 75 
ug/ml supported the growth of E. coli strain HB101, a 
control bacterium known to be sensitive to rifampicin. The 
test bacterium from the tuff slurries was chosen because it 
was resistant to rifampicin at a maximum concentration of 
275 ug/ml. It was a small Gram negative rod (0.75 x 1.0 
um), maintained viability without nutrients and could be 
easily recognized by colony morphology. The bacterium was 
identified as Aarobacterium radiobacter based on its 
metabolic profile using the API-NFT identification kit 
(Analytab, Inc.). The cell surface was slightly hydrophobic 
(contact angle 30°) . The determination of hydrophobicity was 
described previously (Dillon et al., 1986). Bacterial 
stability under starvation conditions was determined to 
evaluate the stability of the microorganism during the time 
course of the rock column experiments. No significant 
growth or decay was seen over a five day period and 
rifampicin resistance remained stable during starvation.
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Preparation of Bacteria for Column Inoculations
Bacteria were grown to stationary phase in R2B at 25°C 
on a rotary shaker for 2 d. Cells were removed from R2B 
suspension by centrifugation at 5,000 xg at 4°C for 
15 min and resuspended in APW. This procedure was repeated 
three times to maximize removal of residual nutrients. The 
final suspension in APW was adjusted to a concentration of 
109 cells/ml based on triplicate sets of direct counts and 
107 - 10s cells/ml triplicate sets of culturable counts.
The bacteria remained in APW for 1-2 d prior to use in rock 
columns to insure that they were in a stable state where no 
growth or death was seen based on total and culturable 
enumeration.
Rock Cores
Rainier Mesa volcanic tuff rock cores were obtained from 
the core library at the Nevada Test Site. Cores were 
drilled from the surface of northern Rainier Mesa in area 12 
in 1988 and 1989. These vertical exploratory holes were 
designated UE12n#15a (1988) and UE12n#16 (1989) and 
penetrated into subunit 3a tunnel beds occurring at 
approximately 4 00 meters depth. Cores ranged in depth from
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23-510 m. The geologic characteristics of the tuff cores 
varied and are described in Table 3.1. Berea sandstone 
cores from Cleveland quarries, Ohio (kindly provided by Eric 
Robertson of The Idaho National Engineering Laboratory) were 
chosen as control rock for transport studies. Cores were cut 
to 10cm x 6cm using a diamond saw and drill press with water 
as the coolant. Coolant water was checked for contaminating 
microorganisms by plating on R2A. Cutting of the rock was 
rapid and water did not penetrate throughout the core. Cores 
were wrapped in aluminum foil, autoclaved for 1 h at 121°C, 
and handled aseptically. Cores were oven dried for 24 h at 
125°C, after which a dry weight was taken. They were put 
into a vacuum chamber, degassed for 8 h, and saturated with 
APW under negative pressure for 24 h. The wet weight was 
taken and effective porosity was calculated using the 
formula of Fetter (1988):
O = WPV 
P (APW) 
bulk volume
Where WPV was the weight of one pore volume of fluid 
(determined by subtracting the saturated weight of the core 
from the dry weight), p(APW) was the density of artificial 
pore water at 1 atm and 2 5°C (1.0 3g/ml) and bulk volume was 
calculated from the core dimensions.
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Rock Column Experimental Procedures
A hassler-type holder (designed by Carolyn Bishop at 
the Idaho National Engineering Laboratory, Idaho Falls, 
Idaho) was used to test the flow characteristics of various 
cores. The primary experimental variable was the 
heterogeneous nature of the tuff cores.
A schematic diagram of the experimental setup is shown 
as Fig. 3.1. A saturated core was positioned inside 
the core holder. An overhead reservoir containing APW 
amended with rifampicin served as the hydraulic head. 
Pressure, with compressed nitrogen gas, was applied to the 
reservoir solution until a constant flow rate was observed. 
Flow velocity measurements (cm/sec) and volumetric flow 
rates (cm3/min) were taken to determine the hydraulic 
conductivity of the core. Hydraulic conductivity was 
calculated using a modification of Darcy's law applied to 
a constant head permeameter, and expressed using the formula 
of Fetter (1988) :
K = VL
Ath (Fetter, 1988)
where K = permeability coefficient (cm/hr)
V = unit volume collected (cm3)
L = length of the core (cm)
A = cross sectional area of the core (cm2)
t = time per unit volume collected (min)
h = total hydraulic head (cm)
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Figure 3.1 A c o n s ta n t head perm eam eter experim ental design was used for te s tin g  bacterial 
tran sp o rt in volcanic tuff cores, co res w ere held in place by an expandable bladder in the  
core holder, elevational and pressure heads w ere sum m ed for to ta l hydraulic head (cm ), a 
bacterial suspension  was added as a pulse to  a reservoir a t the  top  of th e  core, 5ml fractions 
were collected .
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After hydraulic conductivity was calculated, hydraulic 
properties of the core (structure of flow paths) were 
further determined by developing a breakthrough curve for 
chloride ion that was added as the conservative tracer at a 
0.1M concentration to a (APW) hydraulic head reservoir 
attached to the top of the core. Flow was maintained at a 
constant rate, 5ml fractions were collected and chloride was 
detected with a chloride ion specific probe (Orion co.). 
Millivolt values were converted to a chloride concentration 
by reference to a standard calibration curve, then 
breakthrough curves were established for chloride by 
plotting total milligrams chloride to pore volumes eluted 
from the core. After chloride was washed out of the core a 
bacterial inoculum of approximately 5 X 109 cells (direct 
count) was injected by syringe to a small reservoir at the 
top of the core and flow rate was maintained. Five 
milliliter fractions were collected, and bacteria were 
detected by microscopic observation of acridine orange 
stained cells. Breakthrough curves for the bacterium were 
based on total bacterial counts and culturable bacteria on 
rifampicin-amended plates. Log number of total and 
culturable bacteria were plotted to pore volumes eluted from 
the core.
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3.4 RESULTS
The test bacterium, Arthrobacter radiobacter . was used to 
study bacterial transport in nineteen saturated volcanic 
tuff cores that differed in lithology and degree of 
alteration. Three distinct patterns of bacterial 
breakthrough were seen and are described as transport by 
matrix flow in sandstone through macropores in friable tuff 
(44-389 m) and along fractures in zeolitized tuff (486- 
510m). The results are summarized in Table 3.2. Ten of the 
19 cores (51%) were impermeable to water under saturated 
flow conditions and thus bacterial transport with water flow 
did not occur in these tuffs. The impermeable cores were 
all zeolitized and/or clay infiltrated ashfall tuffs with a 
wide range of effective porosity values (15-45%).
Breakthrough curves were generated from 8 of the 19 tuff 
cores and all four Berea sandstone cores. The bacterium 
remained stable throughout the duration of experiments; no 
obvious changes in cell numbers or cell size were observed.
Bacterial Transport by Matrix Flow in Sandstones
Breakthrough curves for bacteria and chloride ions in 
the sandstone cores had similar patterns as seen in 
Figs. 3.2 a-d. Porosities (20-27%) and hydraulic
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Table 3.2. Sum m ary  o f  c h a r a c t e r i s t i c s  o f  rock  
c o r e s  and  b a c te r i a l  t r a n s p o r t .
CORE #  PORDSITV PORE HVDRRULIC TRRNSPORT %BBCTERIRL ROCK
i% ] UOLUME CONDUCTIUITV ROUTE RECOUERV DESCRIPTION 
(m l) fc m /h ) (5  c o re  u o lum es)
SRNDSTONE CONTROL
B1 2 2 6 2 .0 1 . 6 x 1 0 - 2 m a t r i x 0 .3 0 m e d i u m  g r a i n e d
B2 25 7 0 .5 5 .9 x 1 0 - 2 m a t r i x 0 .8 0 m e d i u m  g r a i n e d
B3 2 0 5 6 .4 2 . 8 X I 0 - 2 m a t r i x 0 . 0 2 m e d i u m  g r a i n e d
B4 27 76.1 4 . 1 x 1 0 - 2 m a t r i x 3 .8 0 m e d i u m  g r a i n e d
FRIABLE TUFF
4 4  a 32 9 5 .2 2 .4 x 1 0 - 3 NO ND r e d ,  f i n e  g r a i n e d
4 4 b 30 83.1 3 .6 X 1 0 -3 m a c r o p o r e 1 0 .80 r e d ,  f i n e  g r a i n e d
3 6 6 a 50 1 4 1 .3 5 . 4 x 1 0 - 3 m a c r o p o r e 9 .4 0 w e a t h e r e d ,  Ig. g r a in e d
3 6 6 b 4 9 14 4 .3 2 .4 X 1 0 -3 m a c r o p o r e 2 0 . 1 0 w e a t h e r e d ,  ig. g r a in e d
3 8 9 29 8 5 .2 1 .8 x 1 0 -3 m a c r o p o r e 3 5 .0 0 p in k ,  m e d i u m  g r a in e d
CLRV INFILTRATED TUFF
3 9 0 34 9 7 .0 0
4 8 3 34 9 7 .6 0
4 8 4 4 5 1 2 5 .3 0
4 8 5 32 9 0 .4 0
ZEOLITIZED TUFF
f i n e  g r a i n e d ,  u ih i t e  c lay  
f i n e  g r a i n e d ,  u ih i t e  c lay  
f i n e  g r a i n e d ,  u ih i t e  c lay  
f i n e  g r a i n e d ,  r e d  c lay
4 8 6  15 4 0 ,2
5 B 5 a  19 5 3  7
5 0 5 b  25 7  ^ 3
5 0 7 a  17 4 8 . 0
ZEOLITIZED TUFF
1 .2 x 1 0 - 3  f r a c t u r e
6 .0 x 1 0 - 4  f r a c t u r e
2 . 0 x 1 0 - 4  f r a c t u r e
9 . 6 x 1 0 - 5  f r a c t u r e
5 4 .7  r e d ,  f in e  g r a i n e d
14 .0  r e d ,  f in e  g r a i n e d
13 .3  r e d ,  f in e  g r a i n e d
2 6 .0  r e d ,  f in e  g r a i n e d
507b 26 73.2 0 _
507c 15 4 8 .2 0 - -
5 0 8 a 34 89.3 0 _
508b 30 85.5 0 _ _
509 23 64.8 0 -
5 1 0 25 70.1 0 - -
r e d ,  f i n e  g r a i n e d  
r e d ,  f in e  g r a i n e d  
r e d ,  f in e  g r a i n e d  
r e d ,  f i n e  g r a i n e d  
b e d  ro c k ,  f i n e  g r a in e d  
r e d  c la y ,  f i n e  g r a i n e d
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Figures 3 .2  (a -d ). Representative breakthough curves 
for chloride tracer; □  (to ta l milligrams chloride per 
fraction) and bacteria; direct number O (log transformed  
cells per fraction) culturable number o (log transform ed  
cells per fraction). Vertical line at one pore volume 
for reference to  peak breakthrough. Ne = e ffective  porosity, 
PV = pore volumes, K = hydraulic conductivity,
%R = percent bacterial recovery for three pore volumes.
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conductivities 1.6 x 10'2 - 5.9 x 10'2 cm/hr were similar 
for all of the cores. Calculated pore volumes ranged 
narrowly from 56 - 76 ml per unit bulk volume of rock (282 
cm3). In all cases, bacteria permeated the rock before the 
conservative tracer, at less than 0.5 pore volumes. A 
tailing effect was seen in all of the cores. The peak 
bacterial concentration occurred around one pore volume, 
followed by a long decline. Tailing persisted for several 
(20-30) pore volumes (data not shown), at which time the 
bacterial level was below the limit of detection, 
(<103cells/ml). The area under the curves for chloride ion 
and bacteria looked similar except that chloride always 
reached a 100% concentration after a pulse addition, and 
then rapidly fell to a level below detection with no tailing 
effect. Percent bacterial recovery (range 0.02 - 3.8%) for 
three pore volumes was always less than that of chloride 
ion. Percent bacterial recovery was greater for cores with 
higher hydraulic conductivities (Table 3.2). A constant head 
of 0.1M KC1 resulted in the peak concentration for chloride 
(to 100%) which consistently occurred at one pore volume, 
indicating that preferred flow did not occur down the sides 
of the core. The constant chloride concentration reached 
0.1M, indicating that the core was fully saturated with KC1.
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Bacterial Transport by Macropore Flow in Friable Tuffs
Breakthrough curves generated for four of the nine tuff 
cores (44-389 m depth) had a shape similar to that shown in 
Figs.3.3a-d. The porosity range was greater than that of 
the sandstone cores, ranging from 29-50%, with a narrow 
range of hydraulic conductivities from 1.8 x 10'3 - 5.4 x 10'3 
cm/hr (Table 3.2). The curve demonstrated bacterial and 
tracer peak breakthrough before one pore volume, suggesting 
the presence of preferred flow paths. the peak breakthrough 
was followed by a long high plateau, then a gradual decline 
for several pore volumes (data not shown). The decline in 
bacterial numbers occurred more rapidly in these cores as 
compared to the pattern seen in sandstone cores. As with 
the sandstone cores, bacterial breakthrough preceded 
detection of chloride ion, bacterial tailing was seen, and 
the percent recovery of bacteria (9.4 -35%) was less than 
that of the chloride ion.
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Figures 3 .3  (a -d ). Representative breakthrough curve 
for chloride tracer □ (to ta l milligrams chloride per 
fraction) and bacteria. Direct number 0  (log cell 
per fraction) and culturable number o were determ ined  
for friable tu ff  from interval depth 3 6 6  (a ). The vertical 
line is at one pore volume for reference to  the peak 
breakthrough.
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Bacterial Transport Along Fractures in Zeolitized Tuffs
Breakthrough curves for four of the cores obtained from 
greater depth (390-507 m) showed a multipeaked pattern as in 
Figs. 3.4a-d. Porosity ranged from 15-25% and the hydraulic 
conductivity range was 1.2 x 10"3 - 9.6 x 10'5 cm/hr (Table 
3.2). The peaks for both chloride ion and bacteria appeared 
to have the same pattern, indicating that preferred 
flow paths must be present in these cores. The first peak 
of bacterial concentration and generally for chloride 
occurred in advance of one pore volume and was often the 
highest peak indicating preferred flow paths through the 
cores. The secondary peaks varied in their distribution on 
the x axis in each core. Consistent with other breakthrough 
data, figures.3.4a-d show bacterial transport preceding the 
chloride ion. Overall bacterial recovery, 3.3 - 54.7%, was 
again less than that of the chloride and bacterial tailing 
occurred.
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Figures 3 .4  (a -d ). Representative breakthrough curves 
for chloride tracer □ (to ta l milligrams chloride per 
fraction) and bacteria. Direct number <> (log cells 
per fraction) and culturable number o  were determined  
for zeolitized tu ff  depth interval 5 07 a . The vertical line 
is at one pore volume for reference to  the peak breakthrough.
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3.5 DISCUSSION
The most significant factor affecting bacterial 
transport rate and pattern in this study was the flow 
velocity of water through permeable rock, while the 
structure of the internal permeabilities controlled the 
direction of flow paths for bacterial movement. Because of 
the natural heterogeneity of volcanic tuffs, it was expected 
that bacterial transport rates and characteristics would 
probably differ between cores of similar as well as 
differing lithology. Indeed, three transport patterns were 
discerned that could be attributed to a specific geologic 
structure. Similar observations of bacterial transport in 
naturally porous media have been made in laboratory and 
field studies (Fontes et al. 1991; Gannon et al. 1991;
Harvey and George, 1989; Smith et al., 1985).
Differences in percent bacterial recovery between 
various cores depended on the degree of retention, extent of 
dispersion and whether or not preferred flow structures were 
present. An interpretation of bacterial transport in cores 
of different lithologies which more explicitly demonstrate 
bacterial breakthrough patterns is shown in Figures 
3.5a, b , c .
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F ig u res 3 .5  a -c  INTERPRETATION OF BREAKTHROUGH PATTERNS FOR 
BACTERIA IN THREE ROCK TYPES DURING SATURATED FLOW CONDITIONS
The bacterial suspension moves as 
an even front with peak breakthrough (PB) 
occurring at or after one pore volume. 
T ailing  is a result of dispersion and 
slow reversible attachment of bacterial 
cells to the surfaces of sand grains or 
cementing clay. Overall percent bacterial 
recovery is low.
PORE VOLUMES
S A N D S T O N E
7.5-
WU
2.5-
FRIABLE
T U F F
5 B
------- 1
Bacteria move as an even 
front with peak breakthrough 
ocurring before one pore volume, 
indicating preferred flow paths. 
Dispersion occurs rapidly along 
connected flow paths as seen by 
the steep declining tail and higher 
percent bacterial recovery.
PORE VOLUMES
C  io
ZEOLITIZED  
T U F F  ^ PB
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Bacteria move rapidly only along 
fracture flow paths with peak break­
through before one pore volume.
Dispersion into the rock matrix does 
not occur as seen by the steep declining 
tail and high percent bacterial recovery. 
There are several peaks due to differential 
transport along flow paths of variable 
velocity. Percent bacterial recovery 
is generally high, due to limited 
dispersion and attachment of bacterial 
cells In the rock matrix.
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Bacterial transport by matrix flow in sandstone.
The sandstones with intermediate porosity and high 
hydraulic conductivity demonstrated bacterial transport by 
matrix flow, analogous to that observed with bacterial 
transport in homogeneous sand or soil (Fontes et al., 1991; 
Wood and Ehrilich, 1978; Wollum and Cassel, 1978). The 
bacterial suspension moved as an even front with peak 
breakthrough occurring at just over one pore volume. There 
were no preferred flow paths such as macropores, fractures, 
or along the outside periphery of the cores, and thus, 
dispersion was enhanced. These characteristics are reasons 
for the large area under the breakthrough curves. The 
relatively low average percent recovery within three pore 
volumes also suggests bacterial dispersion and/or retention 
on sand grains. Closely replicable transport patterns by 
bacteria and chloride firstly suggests physical and chemical 
homogeneity was present in sandstone cores. Secondarily, 
sandstone served as a good comparative tool to help 
differentiate transport patterns that occurred in tuff 
cores. Thirdly, sandstone may be a useful model for 
transport studies in natural homogeneous rocks.
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Transport through macropores in friable tuffs.
Friable tuffs from the 44-389 m depth intervals had 
large porosities and intermediate hydraulic conductivities, 
and demonstrated transport by macropore flow similar to that 
of intact soils or sediments and coarse grained sands 
(Madsen and Alexander, 1982; Smith et al., 1985; Wong and 
Griffin, 1975; Fontes et al., 1991). In the friable tuffs, 
the maximum concentration of chloride ion and bacteria 
occurred in just advance of one pore volume, followed by a 
long, but more steeply declining tail than that seen for the 
sandstone cores. The overall percent bacterial recovery was 
greater for friable tuffs than sandstone cores even though 
the average hydraulic conductivity was ten-fold lower in the 
tuffs. These data indicate that bacterial cells were moving 
through the friable tuffs at a faster rate than in the 
sandstones and were more rapidly dispersed throughout the 
core by several preferred flow paths. The comparison of 
bacterial transport in sandstone and friable tuffs is 
analogous to the comparison of bacterial transport in fine 
grained (slow) verses coarse grained (fast) sand (Fontes et 
al., 1991) or collapsed soil cores (slow) verses intact soil 
cores (fast) (Smith et al., 1985).
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Transport along fracture in zeolitized tuffs
The low porosity and low overall hydraulic conductivity 
of the zeolitized tuffs from 486-507 m depth intervals 
demonstrated bacterial transport by fracture flow.
Bacterial and chloride peak breakthrough occurred well in 
advance of one pore volume, often before half a pore volume. 
Rapid declines in the peak value followed by erratic 
spikes in the breakthrough curve may have been due to 
differential transport along fracture flow paths. In the 
zeolitized tuff cores, there were probably only one or two 
primary flow paths rather than several as seen in the 
friable tuff cores with well connected macropores. The 
result was a higher initial peak with a narrower base, 
perhaps indicating that bacterial cells did not disperse 
throughout the core but were transported by a few direct 
routes through the core. Secondary peaks may have been due 
to mixing of water in the rock matrix with the flow water 
along flow paths, resulting in a convergence of bacterial 
cells along a common flow path. Fontes et al. (1991) saw a
similar erratic breakthrough pattern in sand columns when a 
vertical permeable heterogeneity was introduced as a coarse­
grained vein of sand through the center of fine grained 
sand. Toran and Palumbo (1992) also demonstrated a more
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rapid movement of colloids in soil when vertical straws were 
introduced. In zeolitized tuffs, bacteria were transported 
along fractures of higher localized hydraulic conductivity 
resulted in a greater percent bacterial recovery in three 
pore volumes. Reda and Hadley (1989) have demonstrated that 
80% of the water flowing through saturated low permeability 
pumice and welded tuff cores occurs along fractures. In 
zeolitized tuffs with low porosity and permeability, 
bacterial cells are not greatly dispersed into the tuff 
matrix and retention of cells is less likely to occur. 
Therefore, bacteria would move primarily in the direction of 
the bulk water flow along fractures. The rate of bacterial 
movement would be dependent on the flow velocity along 
preferred flow paths.
Impermeable cores
No bacterial transport occurred in cores that were 
rendered impermeable due the presence of natural alteration 
products of clay and zeolites. It was observed that the 
clays expanded during saturation of the cores, resulting in 
impermeable cores under saturated flow. Limited water flow 
and bacterial transport may have occurred in these cores 
during unsaturated conditions prior to the expansion of the
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clays. The process of zeolitization also lowers the 
intrinsic porosity of volcanic tuff rendering unfractured 
cores impermeable. Clay-infiltrated tuffs and zeolitized 
tuffs are known to occur at 350-510 m depth in Rainier Mesa 
from which the cores in this study were obtained. Therefore, 
it is likely that bacterial transport cannot account for 
microbial presence in these formations. Microorganisms may 
have been transported with water in these tuffs during a 
time past when the tuffs were permeable to water and 
subsequently became trapped during diagenesis of the tuff 
that rendered it impermeable. Chemical and biological 
factors seemed to play a secondary role, but may have more 
impact in extreme conditions such as low pH or high ionic 
strength (Sharma et al., 1985), bacterial growth or 
chemotaxis. In this study, microbiological factors were 
kept constant so that the patterns of transport could be 
separated from the biological processes of growth death or 
motility and actually mimicked those that occur in many 
oligotrophic subsurface rock environments, ie., small cells 
in a starvation state (Lappin-Scott and Costerton 1990; 
MacLeod et al., 1988). The culturable number was always 
lower than the total number due to the non-culturable nature 
of some bacterial cells. However, it was a reasonable and
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conservative measure of the target cell transport. Under 
controlled laboratory conditions, bacteria act as 
particles in transport and not as solutes during migration 
through porous media under ambient conditions.
In this study, bacterial transport consistently preceded 
that of the conservative tracer (regardless of rock type). 
This phenomenon has been reported in previous studies 
involving transport of various particles (colloids, 
hydrophobic particles, bacteria, viruses, clays, 
microspheres) and tracers (metal ions, isotopes, fluorescent 
dyes) in laboratory (Bales et al., 1989; Fontes et. al., 
1991; Puls and Powell, 1992; Smith et al., 1985; Toran and 
Palumbo, 1992) and field studies (Allen and Morrison, 1973 ; 
Champ and Schroeter, 1988; Harvey and George, 1989a, b).
When both bacteria and chloride were added as a pulse, 
however, the fact that bacteria slowly tailed off and 
recovery of the chloride usually approached 100% and then 
declined to a zero value within two pore volumes, seems to 
contradict initial bacterial breakthrough before the solute 
tracer. Bacterial electro-chemical interactions may result 
in reversible attachment with surfaces of rock particles 
along the flow paths, while conservative small solutes such 
as chloride ions with fewer net charges do not. Harvey and
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George (1989a) suggested that size exclusion chromatography 
is a reason for differences in transport rate of particles 
and solutes. Preferential exclusion from smaller, more 
tortuous pore or fractures in the rock matrix would result 
in a more direct path of travel for bacteria that are not 
filtered or adsorbed than for solutes which are much smaller 
and more dispersable. Puls and Powell (1992) showed that 
radioactive tracers bound to larger particles become 
mobilized and the transport rate is enhanced. More rapid 
transport of larger particles compared to solutes in the 
geologic matrix indicates that particles are not retained or 
do not disperse as greatly through a porous medium as do 
solutes. Therefore, existing transport models need to 
address both patterns of particulate and solute transport 
when monitoring contaminant migration in permeable 
materials. This research supports the evidence from 
previous studies that bacterial transport by water flow is 
primarily a physical phenomenon dependant on the physical 
structure of the rock, size and concentration of bacterial 
cells.
The extrapolation of these observations may aid in the 
understanding of the origin of endolithic bacterial 
populations in Rainier Mesa. However, a large degree of
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uncertainty is introduced into the field environment 
compared with laboratory data.
This study created optimal conditions for bacterial 
transport in saturated volcanic tuff. Table 1. shows the 
variability in the tuff layers of Rainier Mesa, with a 
caprock of welded tuffs, underlain by 200 m of friable 
tuffs, followed by consolidated clay-infiltrated and 
zeolitized tuffs at depths >250 m. In Rainier Mesa, 
bacterial transport from the surface to depth may occur 
rapidly with fracture flow through the caprock, then 
disperses along macropore flow paths in the underlying 
tuffs, and followed by transport along fractures at greater 
depths where rock is more saturated, consolidated and 
fractured. The bulk water flow through the mesa is 
primarily along fractures at this depth (Benson, 1976). 
Bacterial populations are known to occur at 50-450 m depths 
in the rock matrix and along fractures in the perched water 
zone (Haldeman and Amy, 1993). Microbial presence along 
fractured formations in the subsurface of Rainier Mesa may 
be a result of water flow along them, while a different 
mechanism may account for bacteria residing in the rock 
matrix. The degree of microbial transport and distribution
into the mesa may depend on the amount of water flow along 
fractures, the size and extent of the fractured network and 
the distribution and mobilization of ancient bacterial 
colonizers in the rock exposed to fracture flow water. 
Bacteria along deep subsurface fractures and their 
associated rubble zones, where water from the surface of 
recent meteoric origin flows, may have been transported 
recently. These bacterial communities are more likely to be 
similar to the surface communities, whereas those isolated 
in the matrix of deep rock exposed to different 
environmental conditions may represent progeny of ancestral 
microorganisms entrained in the rock shortly after the time 
of volcanic deposition, or during a later event that 
rendered the strata impermeable (diagenic zeolitization or 
clay evolution).
In conclusion, bacterial transport occurs in saturated 
volcanic tuff. The rate and pattern of bacterial transport 
is controlled by the differential degree of water flow 
through rock along preferred flow paths that vary in their 
size and distribution. Natural heterogeneities present in 
the rock create distinctly different transport patterns. 
These observations suggest the potential for microbial 
transport exists in deep subsurface rock and may yield
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insight as to bacterial origin in the deep subsurface, as 
well as lead to practical applications for bioremediation or 
monitoring contaminant transport.
CHAPTER 4
Hydrologic and Geologic Controls 
Distributions in Deep Subsurface
on Microbial 
Rock Strata
148
149
4.0 DISCUSSION
The expanse of knowledge accumulated from both early and 
more recent studies of microorganisms in deep subsurface 
environments (1943-1994) clearly illustrates that a 
diversity of viable microorganisms extends to great depths 
in a variety of subterrestrial formations. Their existence 
may not be surprising given that fundamental characteristics 
of microorganisms are adaptability and long-term survival. 
However, the role that subsurface microorganisms play in 
geologic processes and their potential metabolic responses, 
related specifically to subsurface bioremediation efforts, 
is just beginning to develop.
The research presented in this thesis was based on the 
hypothesis that microbial transport by water flow through 
permeable subsurface matrices contributed largely to 
microbial colonization of the deep subsurface volcanic rock 
of Rainier Mesa. The challenge presented was two-fold; 
requiring an understanding of the interactions between 
physical and biological processes, and equating these with 
scale (e.g., large vs. small fracture or pores). Changes in 
geological structure over time may affect the flow regime in
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Rainier Mesa, and thus transport of microorganisms over 
time. It is difficult to experimentally determine how 
recently microbes may have been transported to depth, and 
equally difficult to estimate how long microorganisms have 
been isolated in subsurface rock because of the problem of 
differentiating between recent and ancient microbial 
colonizers.
There is difficulty in estimating a representative 
elementary volume (REV) for transport processes to determine 
the scale one should address for identifying the flow paths 
necessary for microbial transport. However, De Marsily 
(1986) argues that REV is meaningless, especially when 
applied to detecting the location and structure of fracture 
flow systems to predict the direction and amount of 
groundwater flow in the subsurface. This argument also 
applies to predicting the rate and direction of bacterial 
transport in the subsurface where bacterial transport occurs 
with water flow and the extent of transport will depend on 
the degree to which fractures are connected. Even if an REV 
could be determined, it is difficult to characterize the 
present structure and distribution of the fracture systems 
in Rainier Mesa, much less take into account the numerous
151
changes in geologic structure that have occurred over time 
due to seismic and diagenic processes. It appears that the 
hydrogeology has been changing, altering the primary flow 
paths in the mesa. Therefore, it is impossible to predict 
the distribution of microorganisms based solely on the 
present flow of water. Laboratory studies involving 
bacterial transport in rock cores show that transport 
depends on the presence of a flow path large enough for 
bacterial cell passage. Previous studies have suggested 
that the pore throat or fracture diameter must be twice the 
size of the length of the bacterial cell (Corapcioglu and 
Haridas, 1984; Pekdeger and Matthess, 1983). Therefore, 
bacteria can be transported with water at several scales 
from the micrometer to kilometer range under saturated 
conditions.
An understanding of microbial transport based only on 
geophysical characteristics such as lithology and size and 
distribution of fracture systems, does not take into account 
the numerous biological and geological interactions that 
take place, which further complicate our understanding of 
microbial distributions in the subsurface.
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To test if microbial presence in Rainier Mesa may be 
due in part to transport with water flow, laboratory 
experiments tested bacterial transport in a variety of rock 
cores obtained from Rainier Mesa. Subsequently, these data 
were compared with geologic and hydrologic parameters that 
exist at Rainier Mesa. Secondly, the microbial ecology of a 
deep subsurface fracture flow system was investigated to 
determine if differences existed between microorganisms 
that were influenced by rapid recharge water (6-3 0yr) in the 
fracture flow path and those microorganisms recovered away 
from recharge water.
In this study, laboratory experiments involving 
bacterial transport in volcanic tuff cores demonstrated that 
permeability required for water flow was also necessary for 
bacterial transport. Moreover, the physical structure of 
the permeable matrix in conjunction with flow velocity 
controlled the rate and direction of bacterial transport 
under saturated flow conditions. The pattern of bacterial 
transport as seen in breakthrough curves, reflected the 
predominant flow paths present in the rock cores. Bacteria 
were dispersed rapidly through macropores in friable tuffs, 
traveled primarily along fractures in zeolitized tuff cores
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and bacterial transport was impeded in tuffs impermeable to 
water. The presence of preferred flow paths (e.g., 
fractures and macropores) had a greater effect on the 
vertical bacterial transport rate and breakthrough pattern 
(as compared to transport in homogeneous media where 
bacteria were dispersed in all directions) than the overall 
hydraulic conductivity of the rock.
In subsurface environments, geologic and hydrologic 
parameters vary greatly at small and large scales, both 
within similar and between different geologic strata, and 
may largely control the small and large scale variability in 
microbial distribution. In the laboratory column 
experiments, this concept was exemplified by different 
bacterial transport patterns in rock cores of varying 
lithology, where bacteria were distributed along flow paths. 
These flow paths may be one of the reasons for the apparent 
heterogeneous microbial distribution in deep subsurface 
strata observed in this study and those of others (Balkwill, 
1989; Fredrickson et al., 1991; Haldeman and Amy, 1993, 
Haldeman et al., 1993, Amy et al., 1993).
Variability in microbial distribution as measured by 
abundance, diversity and metabolic activity appeared to be
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related to the hydraulic characteristics of the fracture 
system in Rainier Mesa, which can in turn control nutrient 
flow and the physical transport of microbes. The time for 
recharge water of the fracture to reach 400 m depth where 
this study was conducted, is estimated at 6-30 yr (Amy et 
al., 1993). This time frame might also serve as a 
reasonable estimate for the transport time, and thus minimum 
age of colonization of microorganisms from the fracture 
water to the fracture face and rubble zone along this flow 
path. However, microorganisms isolated from flow water 
(e.g., in non-transmissive clays or, more likely, in the 
unfractured zeolitized tuff) may represent the progeny of 
ancient microbial colonizers which may have colonized 
hundreds of thousands to millions of years ago. These are 
the ages of pore water and time of diagenesis (Amy et al., 
1993) and time of volcanic deposition, respectively 
(Thordarson, 1966).
In this study of the microbiology of a deep subsurface 
fracture flow system, aerobic heterotrophic bacteria 
dominated all rock environments, but the microbiota most 
proximal to rapid recharge water were different from those 
isolated from the flow water. The greatest differences in
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microbial community composition were observed between the 
rubble rock zone (changing environment) and the zeolitized 
tuff 3 m away (static environment). The presence of yeast, 
filamentous fungi, microcolonies, exopolymer-like material, 
actinomyces and increased numbers of different bacterial 
functional groups (by MPN) in the rubble zone, and their 
absence in the zeolitized tuff, suggests two things. First, 
a rapid hydrogeologic connection of the surface to depth may 
have allowed the development of diverse microbial 
communities in the rubble zone and on the fracture face 
rock. Secondly, these phenomena may commonly occur along 
fracture flow paths where nutrients and microbes are 
attached or deposited and subjected to periodic water flux.
In relation to testing transport of indigenous 
microorganisms in subsurface rock, traditional 
microbiological methods were used to determine differences 
between microorganisms exposed to dynamic conditions and 
those in static environments. Further development of work 
in this area might include the use of microbiological 
indicators of diversity and activity such as ratios of 
viable to direct cell count (e.g., MPN/total count, 
respiring count/total count and recoverable count/total
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count), presence of eukaryotic microorganisms (Beloin et 
al., 1988), lag time of metabolic response to a variety of 
carbon compounds (Amy et. al., 1993), uptake of radioactive 
compounds (Phelps, 1989) and community response to storage 
enrichments (Haldeman and Amy, 1991). These appear to be 
useful tools for understanding the relationship of geologic 
and hydrogeologic parameters to microbial distributions. 
These tools may distinguish between microbial populations as 
either relatively active or dormant in various subsurface 
environments. Carbon age-dating, phospholipid fatty acid 
analysis, and genetic analysis (Jimenez, 1990) on recovered 
individual microorganisms or use of genetic probes in situ 
may also give insight to the residence time and distribution 
of microorganisms in the subsurface, as well as their 
ecological and evolutionary hiscory in subterrestrial 
environments. Unique microbiological enrichment techniques 
as well as traditional long-term enrichment cultures have 
helped bridge the large gap commonly observed between 
direct/total enumeration and recoverable enumeration, 
revealing large microbial diversity in deep subsurface 
strata. Antics of microbial activity (rate and flexibility) 
in many studies have been shown to be related
157
to specific environmental parameters of microbial 
populations. Increased metabolic activity/flexibility, 
abundance and diversity are positively correlated to more 
dynamic conditions (i.e., transmissive sediments = high 
activity/abundance and impermeable sediments = low 
activity/abundance).
Observations and ecological concepts such as these 
which apply to microbial ecology draw from and may be 
extended to microbial populations in other "extreme" 
environments as well as larger ecosystems (e.g., microbial 
ecology and evolution in the matrix of the subterrestrial 
environment exhibit a similar low metabolic activity and 
productivity equivalent to those in the open ocean; and 
microbial communities in fracture flow paths are to 
microorganisms trapped in rock matrices as tropical rain 
forests are to desert chaparral).
Microorganisms in rubble zones along rapid recharge 
fracture flow paths have probably colonized these zones more 
recently, due to transport processes, than those found in 
the rock matrices away from these zones. The relatively 
dynamic environment existing for microorganisms along rapid 
recharge flow paths may support a more diverse microbial
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community that grows more rapidly in response to the 
constantly changing conditions. This situation is in 
contrast to microorganisms that are in isolation in the rock 
matrix where the geology and biology may not have changed 
over geologic time. Minimal change and growth of microbial 
populations since their isolation probably is a result of 
the static environment where impermeable rock imposes severe 
physical constraints on microbial evolution and survival of 
specific microorganisms. This selective pressure on 
individual microorganisms would provide a condition where 
microorganisms may be extending to their absolute limits of 
survival.
In conclusion, microorganisms can move through 
permeable rock. However, numerous interactions between 
physical and biological processes occur during microbial 
transport, and thus it is difficult to differentiate these 
processes in nature. Laboratory and field studies 
demonstrate that the structure of the permeable matrix and 
rate of water flow through it are important controls on 
microbial transport. However, chemical and biological 
parameters may also affect the extent of microbial 
transport.
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APPENDIX I
MICROBIAL ENUMERATIONS
SAMPLE DIRECT COUNT CULTURABLE (
WATER 1.0X107 
SD = 7.4X106
43
SD = 13
RUBBLE 8.9X107 
SD = 4.6X106
4.3X105 
SD = 3 . 3X105
CLAY 1.1X108 
SD = 3.8X107
2.2X103 
SD = 1.2X103
DR1 6.1X107 
SD = 2.1X107
1.8X105 
SD = 4.2X104
DR2 3.7X107 
SD = 1.7X107
1. 5X104 
SD = 7.7X103
DR3 1.4X107 
SD = 3 . 3X106
1. 2X105 
SD = 8. 1X103
DR4 6.1X107 
SD = 2.2X107
6.7X104
SD = 3 . 1X104
Top number represents whole numbers for mean values of 
replicates per gram dry weight or milliter of sample.
Bottom number (SD) is the standard deviation from the mean 
values. Significant difference (p = 0.05) between sample mean 
values for direct number = +/- 6.1xl07 and for culturable 
number = +/- 4.2xl04. Explanation of significant differences 
between the mean values of individual samples is given in the 
results section of chapter two.
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APPENDIX II 
RESPIRING CELL NUMBERS
SAMPLE RESPIRING CELL NUMBER STANDARD DEVIATION
WATER 7.2X108 3.9X107
RUBBLE 5.6X107 2.4X107
CLAY 2.7X107 8. 5X106
DR1 1.3X107 1.2X107
DR2 3 . 4X106 6. 3X105
DR 3 4.0X106 1. 6X106
DR4 1. 3X106 2. 5X105
Respiring cell number respresents the mean value of three
replicates per gram or milliter of sample. Significant 
differences (p = 0.05) between sample mean values was
determined as a difference between sample mean values of 
+/- 4.2x104. Explanation of significant differences between 
mean values of individual samples is given in the results 
section of chapter two.
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